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CHAPTER 1: INTRODUCTION
1.1 INTRODUCTION

Temporary traffic barriers are installed in the work zone with the purpose of shielding motorists
from hazards, and separating and protecting work crews from traffic (Figure 1.1). In 1986, the
Federal Highway Administration (FHWA) specified that all temporary concrete traffic barriers
qualify the specified crash test (NCHRP Report 350). In general, crash tested concrete traffic
barriers have greater height and less open space when compared to concrete traffic barriers that
have failed crash testing. The requirements for crash test pose concerns with respect to hydraulic
performance for concrete traffic barriers because the additional height and less open space may
adversely impact the surrounding floodplain elevation. The fraction of open space in the two
standard (F-shaped and single-slope) temporary concrete traffic barriers (TCTBs) of TxDOT is
insignificant. In the event of extreme flooding, these barriers obstruct water flow and magnify the
flooding by increasing the head water elevation. The issue of hydraulic performance of concrete
traffic barriers came into the limelight when a number of major arterial highways in Texas were
shut down due to widespread flooding last year.

ey

Figure 1.1. Temporary Concrete Traffic Barrier in Construction Zone.

Ocelot (an endangered cat with less than 120 individuals remaining in the US) roadkills are an
important problem potentially threatening ocelot survival in south Texas. Thus, in recent years, the
single-slope temporary concrete traffic barrier has been modified by accommodating larger
openings as an option for the resolution of traffic-ocelot conflicts, which have been used in selected
projects in south Texas. While this larger opening is expected to have a positive impact on the
flow of water and the accumulation of flood debris, the lower weight and upward shifting of the
centroid due to adding the opening at the bottom of the barrier is expected to have a negative
impact on stability during extreme situations. A lower stability, in terms of sliding and overturning,
can cause traffic hazards during extreme flooding as shown in Figure 1.2. The hydraulic
performance and stability of the standard and modified TCTB are not known yet. If the modified
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TCTBs are better in terms of hydraulic performance and have adequate factor of safety for sliding
and overturning, then the modified TCTB might be the choice for the future to achieve the
objectives without considerably hindering water flow during any flood event.

In accordance with NCHRP Report 350, there are three types of devices, such as temporary traffic
barriers, shadow vehicles, and arrestor nets that are used to redirect vehicles from the workspace.
The factors that affect the choice of a particular device are the traffic speed and volume,
project/task duration, geometry, and vehicle mix. The use of temporary traffic barriers is based on
engineering judgment. However, TCTBs are required on bridge-rehabilitation jobs with bridge rail
replacement and/or full depth repair and are to be considered for any other type of long-term repair
work. The TCTB is very efficient for high traffic speed and volume and for a project with
relatively longer duration. However, TCTBs are expensive and require more setup and removal
time. Moreover, the TCTBs have some adverse effects during flooding because they obstruct
water flow.

Figure 1.2. Sliding and Overturning of TCTBs during a Flood Event.

1.2 OBJECTIVES

The primary objectives of this project are to determine the hydraulic performance and stability
analysis of standard and modified TCTBs in extreme flood condition. The additional objectives
include: evaluation of susceptibility to clogging, development of a method to model standard and
modified TCTBs in HEC-RAS to make guidelines for the mitigation of TCTB aggravated roadway
flooding, and conducting parametric study to identify flood situations in which installation of
TCTBs may be detrimental.

Based on the hydraulic performance, stability analysis and parametric study, a guideline to use
TCTBs in flood prone zone has been developed, which is shown in Appendix A.

1.3 ORGANIZATION OF THE REPORT



This study of hydraulic performance and stability of TCTBs in extreme flood has been organized in
seven chapters in this report. Chapter 1 describes introduction and objectives of the study. Chapter
2 describes the literature review that includes all relevant literature concerning hydraulic
performance and the stability analysis of TCTBs or similar structures. Chapter 3 includes the
hydraulic performances of TCTBs. All the model derivation, laboratory test methods, results and
interpretations of the laboratory results have been included in Chapter 3. Chapter 4 describes the
stability of the TCTBs against sliding and overturning in different flood settings. Chapter 5
describes how the rating curves developed from the laboratory tests for different TCTBs can be
used to model TCTBs in extreme flood using HEC-RAS (two examples of analysis is added). All
the parametric studies have been included in Chapter 6. Chapter 7 describes the conclusions of this
study.






CHAPTER 2: LITERATURE REVIEW

Literature review has been performed to assess all relevant studies concerning hydraulic
performance and the stability analysis of TCTBs or similar structures. This literature search
included studies by TxDOT, other state DOTs, FHWA, and all other reliable sources. Moreover,
different databases for relevant articles was searched, which include the National Transportation
Information Service (NTIS), the Engineering Index (EI Compendex), and the Transportation
Research Board’s (TRB) Research in Progress (RIP) database.

2.1 TXDOT TCTBS
2.1.1 Type of TCTBs

TxDOT has two standard types of TCTBs, such as single slope concrete barrier (SSCB) and F-
shaped concrete safety barrier (CSB), which have been used quite often throughout Texas. In
addition to that, the SSCB has been modified by accommodating larger openings as to protect
ocelots from traffic hazards, which have been used in selected projects in south Texas in recent
years. This modified special type of single slope concrete barrier (SSCB-SPL) is often called as
“modified traffic barrier.”

Low speed concrete barriers (LPCB) were developed more than a decade ago for use in low-speed
urban work zones where it is required to have frequent cross-traffic entrances. The reduced height
of the low speed barrier greatly enhances the ability of drivers who are traversing the work zone to
maintain visual contact with the local traffic situation. Since its introduction, the low speed barrier
has demonstrated that it is extremely useful in increasing safety in such situations.

2.1.2 Geometry of the TCTBs

The cross-sections of the TXDOT TCTBs are shown in Figure 2.1. The standard drawings of the
TxDOT TCTBs are attached in Appendix B. Since the SSCB-SPL is originated from the SSCB
only by incorporating bigger openings, both types of TCTBs have the same height and base with of
42 in. and 24 in., respectively. The base width of the CSB is also 24 in., but the height is 33 in.
The height of the LPCB is only 24 in and the base width is 26 in. All the TCTBs are 30 ft long
except the LPCB (20 ft long) and they have two slots at the bottom.

The size of the slots and the percent of area of openings are different for each type of TCTB. The
SSCB has the lowest opening ratio of 0.63%, while the SSCB-SPL has the highest opening ratio
0f9.52%.

2.1.3 Construction of TxXDOT TCTBs

The TCTBs are constructed by casting concrete in a still mold. Figure 2.2 shows the still mold and
the construction of the TCTBs. The contact surface of the TCTBs with the base such as asphalt
pavement, concrete pavement, and base or subbase courses might have significant impact on the
stability of the TCTB against sliding.
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Figure 2.1. Cross Section of the TCTBs: (a) SSCB, (b) CSB, (¢) SSCB-SPL, and (d) LPCB.

Based on the method of casting, the contact surface of the TCTB will have different frictional
properties. Ifthe Bottom surface of the TCTB is:

e Inside the mold, then the surface will be relatively smooth.
e [s exposed, then the surface will be relatively rough and will vary from person to person
who are casting the TCTBs.

(b)
Figure 2.2. Construction of TCTBs: (a) TCTB Mold and (b) Construction and Movement
of TCTBs.

2.2 HYDRAULIC PERFORMANCES TCTBS

A very few studies have been conducted to understand the hydraulic performance of TCTB so far.
The only study that was found to be directly related to the hydraulic performance of TCTB was
conducted by Kranc et al. (2005) for a FDOT research project. Kranc et al. (2005) investigated
and analyzed the flow under TCTB to establish the hydraulic performance of barrier wall inlets, as
a first step to evaluating the capacity of the barrier wall drainage system. To accomplish this goal,
experimental measurements of the discharge characteristics of various aperture configurations were
conducted both under sump and transverse flow conditions. Discharge rates (non-dimensional) of



individual inlets have been measured as a function of approach flow rate and as a function of the
depth of water at wall.

Similarly, the other study that is quite similar to evaluating the hydraulic performance TCTB was
conducted by Charbeneau et al. (2008) in order to determine the hydraulic performance and the
impact of different bridge rails on the surrounding floodplains during different flood events. One
of the bridge rails is very similar to single slope TCTB and two of the rails are similar with a small
scupper drain at the bottom but have different cross sectional geometries. Both of these studies
were reviewed carefully.

2.2.1 Kranc Model

During a rainstorm, the runoff flows along the longitudinal slope as well as transverse slope. Thus,
a continuous array of TCTB along the edge of a pavement forms a configuration similar to a curb
and gutter system with close spaced inlets for drainage, which was assumed to have a similar
hydraulic characteristics of channels fitted with side weirs for irrigation (Robinson and McGhee,
1993; Sing and Satyanarayana, 1994) as shown in Figure 2.3. Based on that assumption, various
full scale configurations for drainage apertures of the FDOT standard TCTB were tested in a tilting
flume experimental facility (Kranc et al., 2005). Both the cross and longitudinal slope of the flume
was varied to mimic the roadway. The longitudinal slope was considered zero for the sump
conditions when the flow velocity along the longitudinal direction was assumed zero.

The flow conditions on grade as shown in Figure 2.3 suggest that, as the runoff is accumulated
along the channel, a simple approach of gradually varied flow is not adequate to describe flow
conditions encountered with barrier inlets. For supercritical flow, the depth at the start of each
reach (at the downstream edge of an inlet) will be less than normal depth, due to the drawdown
caused by inlets discharge. As the flow progresses downstream the depth will increase. As the
slope is reduced, detailed computations over the reach between inlets indicates that the flow depth
grows rapidly and may actually achieve critical depth somewhat downstream of the inlet. Just as in
the case of gradually varied flow with no addition, a variety of flow conditions are possible for the
case with addition. Depending on flow rate, it can be expected that the approach to a depression
will eventually include a region of mild slope as an initially steep slope is reduced. The flow
approaching the next inlet will be subcritical so that the entrance to the next inlet will be with slight
drawdown in the water level just before the inlet. The critical depth can be estimated from the
equilibrium flow rate in the channel, and although this value appears to depend on the cross slope,
the normal depth has an inverse relation to cross slope so that critical depth is not actually
dependent on this factor (but does depend on runoff).
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The bottom sketch shows plan view of flow path. Spread is maximum just upstream of inlet entrance
(Kranc et al., 2005).

Figure 2.3. Drainage through TCTB Inlets.

As shown in Figure 2.3, continuity for the flows (Q) at each inlet gives:
Qs = Qr— (2.1)

Where the subscripts T, B, and I refer to total, bypass, and inlet, respectively. The total flow just
upstream of an inlet is the combination of carryover from the previous inlet and the accumulated
runoff between inlet stations, Qg.

Qr = Qs+ Qr (2.2)

The total flow in the channel may increase or decrease along the roadway depending on how much
of the runoff is captured at each inlet. If all runoff accumulated between inlets is captured, a steady
state is reached where Qr is constant just upstream of each inlet. It is likely that under storm
conditions, the accumulation due to runoff is much smaller than bypass flow, and that the total
flow is much larger than the capacity of any single inlet.

2.2.1.1 Experimental Facility and Observational Methods

Capacity measurements for single inlets were made using full size models set in a flume over a
large fiberglass reservoir tank (Kranc et al., 2005). The flume bed was arranged to tilt at cross
slope Sc and longitudinal slope S, simulating pavement geometry. The cross slope is small so that
the spread is approximately the same as the length across the measurement y, along the wall to the
same point. Thus, the spread is related simply to the cross slope (T=y/Sc) and comparable
relations apply for the area and hydraulic radius. The Froude number for the channel flow may be
estimated (based on the average depth of flow),
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Figure 2.4. Bed Configuration for Flow.
2.2.1.2 Measurement of Inlet Capacity

Experiments to measure inlet capture were performed for the following slope ranges: longitudinal
slope S,=0, 0.5, 1, 2, 4, 5, 6% and cross slope S. =1, 2, 4, and 6% (Kranc et al., 2005). These
tests were made for single inlets with an extended upstream reach, no upstream inlet and no runoff
flow added to the bed (Figure 2.4). Typical measurements of hydraulic performance of the barrier
wall inlet (capture as a function of approach flow) are presented in Figure 2.6a. Flow rate has been
reported as the non dimensional parameter Q/ (g'* H>?), where H is the height of the Inlet

(0.167 ft). It was observed that total captures occurs for only a very small range of approach flow
(Figure 2.5) and that the efficiency of the inlet was relatively low, as expected. The second
approach was to examine the correlation between depths in the gutter just upstream of the inlet
with the inlet capture. Figure 2.6b represents the results of this correlation. No substantial
correlation with cross slope or longitudinal slope was found for the range examined. This
observation indicates water enters the inlet much like a sill flow, probably due to the lack of
entrance development.

DASTURBANCE AT
TRALING EDGE OF INLET

Figure 2.5. Flow at Inlets.



A correlation between inlet flow and the depth just upstream of the inlet has been developed from
the data with a simple linear model with intercept as shown below.

Q
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To apply this correlation, the normal depth immediately upstream of the inlet was calculated for
the total flow (assuming that Manning’s n and the slope of the pavement is known), then the inlet
flow, the spread, and the bypass flow can be obtained directly. This procedure was continued as
required along a line of inlets on grade to evaluate system performance.
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Figure 2.6. Inlet Drainage Performance: (a) Inlet Flow vs. Total Flow and (b) Inlet Flow vs.
Depth of Water (Kranc et al., 2005).

The study also evaluates the flow through the inlet from pond formation at the bottom of the
grade, which shows similar results as described in Kranc et al. (1997). Supplemental experiments
to evaluate performance under sump conditions (So =0%, variable cross slope) were conducted.
The inlet flow as a function of upstream water depth at wall is shown in Figure 2.7. For the range
of depths Y/H<1.4, the flow was within a weir regime and a correlation with a conventional
capacity equation is possible.

Q= CpwL 2g Y*? (2.5)
A value for Cpw 0f 0.25 provided an optimal fit to the data. It should be noted that the depth
parameter for the sump cannot be interpreted in the same manner as that for the inlet with

transverse flow, which is supercritical. Here Y is interpreted as the pond depth. Similarly, for
orifice flow, a correlation of Cpo was obtained for use in:

Q=CpoLH 42g Y'? (2.6)
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Both Weir and Orifice Correlations are shown with translation at Y/H=1.4 (Kranc et al., 2005).
Figure 2.7. Sump Performance for Inlet.

2.2.2 Charbeneau Model

The hydraulic performance of various bridge rail types was studied by Charbeneau et al. (2008) in
order to determine the hydraulic performance and the impact of different rails on the surrounding
floodplains during different flood events. One of the bridge rails (T501) is very similar to single
slope TCTB (Figure 2.8). The SSTR and T221 rails are similar to the T501 rail in that they are
solid rails with a small scupper drain at the bottom but have different cross sectional geometries.

(@) (b) (©)
Figure 2.8. Bridge Rail and Standard TCTB (a) Bridge Rail T501, (b) Single Slope TCTB,
and (c) F-Shaped TCTB.

A three-parameter model is proposed which can be used to accurately predict the free-flow rail-
rating curve (Charbeneau et al., 2008). Similar to Kranc et al. (2005) model, three-parameter
model estimates flow through the inlets as a function of upstream water depth. The free-flow
rating curve model derivation follows the ideas presented by Charbeneau et al. (2006). The
Charbeneau et al. (2006) model is a two-parameter model used to describe the hydraulic
performance of highway culverts under inlet control. The addition of a third parameter was used
to fully define the hydraulic performance of bridge rails. Three flow types occur as water flows
through a typical bridge rail. These are depicted in Figure 2.9 which shows the experimental setup
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for this testing (Klenzendorf et al., 2008). The T203 rail shown here has a continuous concrete
beam along the top with concrete posts supporting the beam. Type 1 flow occurs under
unsubmerged conditions through the lower open areas of the rail (%, < A,.), where 4, is the
upstream water depth as measured from the top of the support base (bridge deck). Type 2 flow
occurs when a submerged condition occurs through this same open area (4,, < h, < h,). Type 3
flow occurs both as submerged orifice flow and weir flow over the top of the rail (4, > 4,). These
three flow types can be used to derive the rating curve model for defining the hydraulic
performance of a bridge rail. The model also accurately predicts which flow type will govern the
flow as well as transition points between each flow type.

Type 3

h u H, u T}'pe 2

by

hy Type 1

hy|  Support Base

- b, -

b
Figure 2.9. Three Types of Flows that Are Considered for Experimental Protocol.

2.2.2.1 Type 1 Flow

The model derivation for Type 1 flow assumes that critical depth occurs at or near the location of
the bridge rail due to the choke produced by the rail (Henderson, 1966). In order to determine the
hydraulics of bridge rails independent from the entire bridge, a datum is taken at the base of the rail
(or top of the support base in Figure 2.9). Therefore, the depth 4, is used in determining the
specific energy, as opposed to the actual depth, H,. The continuity equation defines the flow rate
passing over the bridge rail.

Q= Av, =C,(b—b,)h Jgh. 2.7)

In Equation 2.7, Q is the volumetric flow rate; 4 is the effective flow area through the rail; v, is the
assumed critical velocity at the rail, which, based on a Froude number equal to unity, is equal to

Jgh, (King and Brater, 1963); g is the gravitational constant; and /. is the critical water depth

which occurs at the rail. For critical flow within the rectangular-shaped opening s, = 2/3 E.,
where E. is the critical specific energy, assumed to be approximately equal to the upstream specific
energy, E, (Rouse, 1950). b is the width of the test channel, equal to 150 cm (5 ft) for this
experimental setup; b, is the width of the bridge rail posts. Therefore, (b-b,) is the width available
for flow. G, is a coefficient representing the effective width contraction associated with the bridge
rail post entrance edge conditions. Therefore, the effective width available for flow is C, (b-b,).
The magnitude of C, also accounts for energy losses between the upstream station and the model
rail (Charbeneau et al., 2006).
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Rearranging Equation 2.7 in the form of a rating curve based on the dimensionless flow rate and
making the substitution for critical depth leads to the following:

15
A, gh, h.. \ 3h, (2.8)

In Equation 2.8, A4, is the total area of the rail ( 4, = h,.b), and F, is the fraction of open space for

the rail defined as the ratio of open area in the rail, 4, to the total rail area, 4,. F, is considered an
important design parameter.

oA, _(b=b)h,
A bh (2.9)

r r

2.2.2.2 Type 2 Flow

Type 2 flow is modeled as orifice or sluice gate flow (Charbeneau et al., 2006). The energy
equation can be used to determine the velocity at the rail.

2 2
E ~h +Sm —Ch, +n
2g 2g (2.10)

In Equation 2.10, v,, is the velocity at the rail, and 4, is the water depth at the vena contracta of
the rail, which is equal to C.4,;. C. is a coefficient representing the effective vertical contraction
associated with water being forced under the bridge rail beam. C. also accounts for energy losses
between the upstream station and the rail (Charbeneau et al., 2006).

Rearranging Equation 2.10 to solve for velocity and using the continuity equation to determine the
dimensionless rating curve leads to the following equation defining Type 2 flow:

9 =C,C.F |2 £, -C, hﬁj
A+ gh, h h

r r

2.11)

In order to determine the transition point between Type 1 flow and Type 2 flow, Equation 2.8 and
Equation 2.11 can be set equal to each other and solved for E,. This leads to a cubic equation with
three roots which are equal to —3 and 3/2 (the latter of which is a double root). Since the negative
root has no physical meaning, the transition point occurs at the following specific energy, which
has been normalized to the height of the rail.

E,_3ch
he 2 " h (2.12)
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At the transition point, both the rating curve and its slope are continuous, resulting in a smooth
transition.

2.2.2.3 Type 3 Flow

Type 3 flow occurs as a combination of orifice and weir type flows. The principle of superposition
is assumed to apply here. For weir flow, the bridge rail is modeled using a broad-crested or short-
crested weir equation based on the ratio of the upstream specific energy above the height of the rail
to the thickness of the rail (Bos, 1989):

2 [2
0=C,%b |=g(E,—h)"
3738 (2.13)

In Equation 2.13, C; is a weir discharge coefficient. The significant difference between the broad-
crested and short-crested weir equations is that C, is larger for a short-crested weir (Bos, 1989).
Rearranging Equation 2.13 to the dimensionless rating curve form and adding it to the rating curve
equation for Type 2 flow results in the rating curve for Type 3 flow as follows:

1.5 L5
L = CbCCFo 2 E“ - CC hi) i Cd (%j Eu _1]
A Jgh h, h, 3) \h

The transition to Type 3 flow occurs when the upstream specific energy is greater than the height
of the rail.

(2.14)

r (2.15)

Therefore, the free-flow rating curve for a bridge rail can be determined based on the three flow
types defined in Equations 2.8, 2.11, and 2.14 with transition points defined in Equations 2.12 and
2.15.

2.2.2.4 Submergence Characteristics

Increases in the downstream water depth can result in the submergence of a bridge rail or traffic
barrier during a flood event. Downstream submergence will cause further increases in the
upstream water surface elevation. This change will cause the free-flow rating curve equations to
underestimate the upstream specific energy predicted for a given flow rate. Therefore, the
submergence characteristics were analyzed through two independent mathematical models based
on a theoretical approach and an empirical approach, respectively.

2.2.2.5 Villemonte Submergence Model

The theoretical model is an alteration of a model presented by Villemonte (1947) for the
submergence of weirs. The principle of superposition is used to define the actual flow rate, Q,
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equal to the hypothetical flow rate produced by the upstream head on the weir, Q;, minus the
hypothetical flow rate produced by the downstream head on the weir, 0., i.e., =0, — Q,. O, and
0, are assumed to flow independent from each other in opposite directions and are determined
based on a general weir equation using the upstream and downstream weir heads, respectively.
The results of Villemonte’s experiments give the following equation:

]

where /; and 4, are the upstream and downstream weir heads respectively, measured relative to
the weir crest, # is a power term based on the weir geometry and determined from the weir
equation (n=1.5 for rectangular weirs), and m is an empirical parameter that takes into account the
interactions between the hypothetical upstream and downstream flow rates (m=0.385 from
Villemonte’s experiments). The modification to this model that applies to bridge rails is to use the
upstream and downstream specific energy above the support base (instead of above the top of the
rail), which leads to the following:

(2.16)

(2.17)

where E, and E; are the upstream and downstream specific energies. The change from the head on
the top of the rail (%, and 4;) to the specific energy (£, and E,) is necessary because flow can pass
through the rail open space without overtopping it and the use of specific energy will match the
derivation used for the rating curve equations. Therefore, submergence effects can occur prior to
the water overtopping the rail. Although this alteration may add additional error, the model proves
to be fairly accurate as shown in the following sections. m is determined experimentally for each
rail in order to determine how the upstream and downstream flow rates interact based on different
rail geometries.

2.2.2.6 Empirical Submergence Model

Application of the Villemonte model with experimental data showed a bias in the results based on
the magnitude of flow rate used during experimental testing. Such a bias is created in part due to
the alteration to the original Villemonte model and also due to the additional interactions between
the upstream and downstream flows through the rail open space. This bias will be shown in more
detail in a later section. Therefore, due to the inaccuracies of the Villemonte model, an empirical
model was developed that is implicit with respect to the flow rate in order to attempt to remove
this bias. The empirical model is defined as follows:

A,\gh,
g:(g] e
O \4E, (2.18)
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In Equation 2.18, O, is the hypothetical flow rate that would occur for the given upstream specific
energy, E,, if there were no submergence and can be determined from the previously defined free-
flow rating curve model. AE is the difference between the upstream and downstream specific
energy, i.e. AE =E, —FE,. The parameter 4 serves as a lower bound on the magnitude of AE for

which submergence is not an issue. If AE > AE , then the downstream specific energy is so small

that submergence effects will be negligible and the approximation can be made that O = Q,. The
value of 4=2/3 gave the best results to experimental data (Klenzendorf, 2007). The parameter B is
a fitting parameter determined experimentally for each rail.

2.2.3 Experimental Methods for Charbeneau Model

The major downfall to this model is that the coefficient values must be obtained experimentally
(Klenzendorf et al., 2008). Experimental testing was conducted independently for multiple model
bridge rails in a 150 cm (5 ft) rectangular channel with zero slope (Figure 2.10). The collected
data consist of the upstream water depth and downstream water depth (when conducting
submergence tests) measured from Pitot tubes connected to an inclined manometer board. All
model bridge rails were constructed at half-size of the standard dimensions. In some cases, the rail
geometry did not allow for exact reduction in size while maintaining the same percent open space
due to the channel dimensions. In these cases, slight changes to the horizontal or vertical
dimensions are made because the fraction of open space is considered an important design criterion
and needed to be maintained. Wood is used as the primary construction material for most rails,
with the T101 rail and Wyoming rail being constructed out of metal. All wood is coated with
waterproof primer, and no noticeable swelling or warping occurred during testing. A support base
made out of wood and concrete is anchored to the channel bottom and prevents the rails from
being swept downstream.

Figure 2.10. Rail in the Rectangular Channel.

For the free-flow rating curve testing, a flow rate was set and allowed to reach steady state. The
upstream depth and flow rate was measured. The flow rate was then changed and allowed to
stabilize before the next set of measurements was taken. For submergence testing, a constant flow
rate is used. The downstream depth is increased incrementally through the use of a tailwater gate
located downstream from the model bridge rail. As the tailwater gate is lowered into the water, it
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produces a hydraulic jump that creates an increase in depth downstream of the bridge rail barrier
system. The upstream depth, downstream depth, and flow rate are measured six separate times for
each level of downstream depth.

The unknown parameter values in the mathematical models (Cy, C., C,, m, and B) are used in the
model equations and compared to the observed data in non-dimensional form. The standard error
between the observed data and the predicted model results is minimized using the following
equation in order to determine the appropriate values for each parameter.

se-v8](2) %) |

In Equation 2.19, S.E. is the standard error for N observed data points. The subscript d
corresponds to the measured data for the dimensionless flow rate, and the subscript m is for the
mathematical model results. Minimizing the standard error is accomplished by changing the model
parameter values so that the model results closely match the observed data. The obtained model
parameter values are reported in the following sections.

(2.19)

2.2.4 Results from Charbeneau Model
2.2.4.1 Rating Curve Model Results

For the free-flow rating curves, the dimensionless upstream specific energy (E,/A,) is determined as
a function of the dimensionless flow rate (as described in Equations 2.8, 2.11, and 2.14). The
proposed rating curve model proves to be very accurate in predicting the observed data once the
coefficient values have been determined. Figure 2.11a shows the observed data and rating curve
model for the T203 model bridge rail. In addition, the individual model flow type equations are
graphed to show that the model accurately predicts which flow type will govern the overall rating
curve. Similar results were obtained for the other rail rating curves. Figure 2.11b shows the
results of all nine rail configurations. However, these rating curves are all non-dimensionalized to
the rail height for the T203 rail (%, 7203 = 36.2 cm [14.25 in.]) as opposed to their respective rail
heights. The reason for this change is so that the differences in height can be depicted. For
example, the SSTR, T501, and T221 rails have virtually overlapping rating curves when non-
dimensionalized to their respective rail heights. When compared to the T203 rail, it is clear that
the SSTR rail produces the greatest upstream specific energy due to its greater rail height.

2.2.4.2 Submergence Model Results

Submergence tests are conducted by incrementally increasing the downstream water depth for a
given constant flow rate. The submergence model parameters for both the Villemonte model and
empirical model were determined by minimizing the standard error between the mathematical
model results and the observed data.
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Figure 2.11. Free Flow Rating Curves: (a) Rail T203 with Model Curve and (b) All Nine
Rails.

2.3 FLOODPLAIN MODELING USING RATING CURVES

Charbeneau et al. (2008) also describes a method for incorporating the hydraulics of various bridge
railing systems on a bridge structure to determine the impacts on the surrounding floodplain during
extreme flood events. Similar study was also conducted by Konieczki et al. (2007). Typically the
geometry of the bridge rails is not considered when conducting floodplain analysis. The use of
certain bridge rails with large height or minimal open space may adversely impact the surrounding
floodplain. Therefore, a mathematical model used to characterize the hydraulic performance of
bridge rails has been developed, and the use of this model in floodplain mapping software such as
HEC-RAS is outlined. A second mathematical model is used to approximate and characterize the
effects of rail submergence. Finally, an iterative method for incorporating the hydraulics of various
bridge railing systems into floodplain analysis software is described together with a simple single
bridge example.
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The information for the rating curve and submergence models (Charbeneau et al., 2008;
Klenzendorf et al., 2008) can be used in HEC-RAS by simply changing the dimensional weir
coefficient for flow over a bridge structure (Klenzendorf et al., 2010). This results in an iterative
process since the weir coefficient will change with the flow rate passing over the bridge. Analysis
of three standard TxDOT bridge rails were investigated in a simple single bridge HEC-RAS model.
From this analysis, the T101 results in the smallest impact to the surrounding floodplain. Both the
T101 and T203 rails are not expected to increase the upstream headwater by more than 1 ft,
thereby avoiding the required floodplain map revision. However, the T221 rail drastically reduces
the amount of flow across the bridge roadway. Although this rail will adversely impact the
surrounding floodplain, the T221 rail will provide safer driving conditions across the bridge deck.
Therefore, when determining which rail to install, a balance between the impact to the floodplain
and the driving conditions must be considered together.

2.4 STABILITY OF CONCRETE TRAFFIC BARRIER

Stability of the TCTBs during extreme flood event is an important parameter. Generally, the
TCTBs can fail either by sliding or by overturning due to hydrodynamic pressure resulting from
any flood event (Coduto, 2001). Since the TCTBs are placed on rigid platform failure due to
bearing capacity or settlement is quite uncommon (Das, 2006).

Based on the principle of mechanics (Hibbeler, 2008), the factor of safety (FS) against overturning
about point C in Figure 2.12 may be expressed as:

FS (overturning) = Mg/ M, (2.20)
where,
>Mg = Sum of the moments of forces tending to resist overturning.

>M, =Sum of the moments of forces tending to overturn about point C.

= (90°- B)

Figure 2.12. Free Body Diagram of a TCTB against Hydrodynamic Force.
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In Figure 2.12,

S Mr=W % 0.5B + (P cosine a) x (B —H cot ) (2.21)
where,
W = weight of the TCTB.
B = width of the TCTB at base.

P = hydrodynamic force per unit length of the TCTB, which acts perpendicular to the surface
and can be calculated from the specific energy.

H = vertical distance of the resultant force, which can be determined from the pressure
diagram.

and:
M= P sine oo x H (2.22)

Similarly, the factor of safety against sliding may be expressed as:

FS (sliding) = ZFR/ ZFd (223)

where,
>Fr = Sum of horizontal resisting forces.

>F4=Sum of horizontal driving forces.

In Figure 2.12,

YFr=Nxpn=(W+P cosine o) x 1 (2.24)

where,

p = coefficient of static friction, which is a function of two friction surface.

and:
YF4=P sine a (2.25)

To increase the factor of safety for overturning, the usual procedure is either to increase the weight
of the TCTB or to use anchors to hold it tightly with the base of the TCTB. The anchor would
also increase the factor of safety against sliding. The coefficient of static friction changes if the
surfaces are wet. During the submerged condition, the weight of the TCTB will decrease due to
buoyancy.

All the parameters for the calculation of FS can be obtained from the geometry and unit weight of
concrete except the coefficient of static friction. Thus, the literature review has also been focused
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on “coefficient of static friction” between concrete surface of the TCTBs and the surface on which
the TCTBs stand, such as HMA surface, concrete pavement surface, compacted subgrade,
subbase, or base surface.

2.4.1 Friction

At the microscopic level the surface of any solid, no matter how polished, looks like Figure 2.13.
Two mating surfaces are in contact only on the tips of the asperities (Blau, 1996). When two solid
surfaces are brought together the area of contact area is actually extremely small compared to the
apparent area of contact.

»

Figure 2.13. Two Contacting Solid Surface.

Friction is the resistive force acting between bodies that tends to oppose and damp out motion.
Friction is usually distinguished as being either static friction (the frictional force opposing placing
a body at rest into motion) or kinetic friction (the frictional force tending to slow a body in
motion). In general, static friction is greater than kinetic friction.

2.4.2 Coefficient of Friction

When the applied force overcomes the frictional force between two surfaces then the surfaces
begins to slide relative to each other (Figure 2.14). The static frictional resistance is normally
different to the dynamic frictional resistance. The coefficient of static friction and the coefficient of
dynamic friction can be expressed using the same formula. However, the coefficient of static
friction is always higher than the coefficient of dynamic friction.
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Figure 2.14. Coefficient of Static and Dynamic Friction.
2.4.3 Coefficient of Static Friction

An enormous number of studies (Stinson et al., 1934; Henry et al., 2000; Jackson, 2008) have been
conducted to estimate the coefficient of dynamic friction between the tire and the road surfaces
using Circular Track Meter (ASTM E 2157), Dynamic Friction Tester (ASTM E 1911), Sand
Patch Test (ASTM E 965), Locked Wheel Tester (AASHTO M 261 or ASTM E 501). However,
a very few studies have been done to estimate the coefficient of static friction between concrete
(TCTB) and different road surfaces. The coefficients of static friction for surfaces that are related
to our study are available in different literatures are listed in Table 2.1.
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Table 2.1. The Coefficient of Static Friction of Concrete and Different Road Surfaces.

Material 1 Material 2 Coefficient of Static Friction
Cement Concrete Cement Concrete (wet) 0.5-0.6"
Cement Concrete Cement Concrete (dry) 0.6-0.7°
Cement Concrete Clay (wet) 0.2°
Cement Concrete Clay (dry) 0.4°
Cement Concrete Sand (wet) 0.4°
Cement Concrete Sand (dry) 0.5-0.6
Cement Concrete Rock (wet) 0.5°
Cement Concrete Rock (dry) 0.6-0.7°
Cement Block Cement Blocks 0.65"
Cement Concrete Rubber (dry) 0.6-0.85°¢
Cement Concrete Rubber (wet) 0.45-0.75°
Asphalt Concrete Rubber (dry) 0.5-0.8°
Asphalt Concrete Rubber (wet) 0.25-0.75°

* ACI 318R-89 Manual of Concrete Practice
® http://www.superciviled.com/friction.htm
¢ EngineersHandbook.com

The coefficient of friction is sensitive to atmospheric dust and humidity, oxide films, surface finish,
velocity of sliding, temperature, vibration, and extent of contamination (Bowden and Tabor 1973).
Moreover, presence of moisture and different types of liquids, such as oil, surfactants, lubricants
etc, could decrease the coefficient of static friction significantly. In many cases the degree of
contamination is perhaps the most important single variable. Thus, the only way to determine the
accurate coefficient of friction between two surfaces is to conduct experiments.

2.4.4 Effect of the Presence of Sand Particles in between Two Smooth Surfaces

Sand is not normally regarded as a lubricant. Sands are often used in icy road to enhance friction.
However, in many cases, the presence of sand dry particles in between two smooth surfaces might
cause a reduction in friction. Cross (2006) conducted experiments to evaluate the effect of the
presence of dry sand on tennis court to understand the friction between the rubber of the tennis
shoe and the smooth court and found that the presence of dry rounded river sand decreased the
coefficient of static friction from 0.39 to 0.14.

2.4.5 Determination of Coefficient of Static Friction

The procedure to determine the coefficient of static friction is described in ASTM C 1028-07 for
different floor materials using horizontal Dynamometer Pull-Meter (Figure 2.15). The
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dynamometer pull-meter assembly consists of 3/4 in. x 8 in. square block of the material that needs
to be tested for a particular surface, 50-1b weight, and a dynamometer. Using the dynamometer,
the force required to cause the test assembly to slip continuously is determined. Four pulls
perpendicular to the previous pull on each of three surface areas or three test specimens constitute
the 12 reading required to calculate the coefficient of friction. The coefficient of friction is
calculated by dividing the average of the 12 readings by the total weight of the base and 50 lb
surcharge.

Figure 2.15. Dynamometer Pull-Meter.

The TCTBs are often placed in construction sites on different types of construction materials, such
as compacted clay, sand, gravel, etc. The TCTBs are also placed on top of finished road surfaces.
The coefficient of static friction usually decreases due to aging of the surfaces. The stability
analysis based on the coefficient of static friction of a newly constructed road surface may lead to
serious error. Thus, the coefficient of static friction of different pavement surface must be
measured for pavements with different ages and pavements with both wet and dry conditions.

2.5 TXDOT HYDRAULIC DESIGN GUIDANCE

The Texas Department of Transportation’s Hydraulic Design Manual (2009) provides guidance
and recommendations for the design, analysis and construction of hydraulic facilities. Hydrologic
and hydraulic analyses are required to determine the need and size of a hydraulic facility. Table 2.2
summarizes recommended design floods and check floods for various structures.

The design frequency or design flood is the maximum severity of flood the structure will pass
without inundation. The design flood is intended to establish conditions under which the highway
facility will provide uninterrupted service with minimal damage to the highway and must not
overtop the highway. The magnitude of flow associated with each frequency is determined based
on historic hydrologic data specific to the area where the structure is located. Based on TxDOT
policy, the recommended design storm for a freeway bridge is a 50-year storm, which has a 2%
probability of occurring in any given year. The check flood is applied on proposed highway or
stream crossing facilities to determine whether a proposed crossing will cause significant damage
to the highway or to any other property. For TxDOT design, the 100-year event is the primary
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check condition, which has a 1% probability of occurring in any given year. In the event ofa 100-
year storm, a freeway bridge would most likely be overtopped by floodwaters, which would force
water to flow over the temporary barrier or bridge rails and bridge deck. Ifit does not overtop, an
additional check flood that reaches highway overtopping would be checked. When overtopping
occurs, the type of temporary barrier or bridge rail would play a key factor in the impact of the
100-year floodplain and may raise compliance issues with the Federal Emergency Management
Agency (FEMA). According to FEMA, an increase of water surface elevation by more than 1 ft
for the 100-year flood event requires a FEMA detailed floodplain map revision.

Table 2.2. TxDOT Design and Check Frequencies.

Design Flood Check Flood
Functional Classification and Structure Type 2 | 5]10]25]50 100
Freeways (main lanes):
¢ Culverts X X
¢ Bridges X X
Principal arterials:
¢ Culverts X |1X)| X X
¢ small bridges X |1X)| X X
4 Mmajor river crossings (X) X
Minor arterials and collectors (including frontage roads):
¢ Culverts X |[(X)] X X
¢ small bridges X [(X)] X X
4 Mmajor river crossings X [(X) X
Local roads and streets (off-system projects):
¢ Culverts X | X | X X
¢ small bridges X | X | X X
Storm drain systems on interstate and controlled access
highways (main lanes):
¢ Inlets and drain pipe X X
¢ Inlets for depressed roadways™ X X
Storm drain systems on other highways and frontage:
¢ Inlets and drain pipe X [(X) X
¢ Inlets for depressed roadways* X)| X X
Notes.

* A depressed roadway provides nowhere for water to drain even when the curb height is exceeded.
() Parentheses indicate desirable frequency.

(Sources: TxDOT Hydraulic Design Manual, 2009)

The recommended design frequency for small bridges on principal arterials and minor arterials and
collector roadways is the 25-year storm with a 4% probability of occurrence in any given year.
These structures must also be checked for the 100-year storm.

Interstate highways and facilities such as underpasses and depressed roadways must be protected
from the 50-year storm. Continued adequate hydraulic performance for highway rehabilitation,
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modification, or maintenance work including the addition of roadway barrier must be verified for
compliance with FEMA. The TxDOT Hydraulic Design Manual states whenever “higher or less
hydraulic efficient railing” is used and a “safety project involving addition of safety barrier,” the
floodplains must check consistency with the National Flood Insurance Program (NFIP)
requirements.
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CHAPTER 3: HYDRAULIC PERFORMANCES OF TCTBS
3.1 INTRODUCTION

Temporary Concrete Traffic Barriers (TCTBs) are essential in order to protect the traveling public
and highway construction crews. They are rigid barricades that help prevent accidents due to
driver misfortune or negligence. However, for these barriers to maximize crash safety, some
properties such as hydraulic capacity become diminished. This is because larger drain openings
that would increase the hydraulic capacity result in a decrease in the barrier weight and/or a higher
center of gravity, which increases the barrier’s susceptibility to overturning when impacted.
However, smaller openings can result a higher water elevation upstream of the barrier, which in
turn can increase the local floodplain elevation. It is therefore paramount that the balance between
barrier stability and hydraulic performance be optimized. The hydraulic performance of four
barriers is the focus of this report. In particular, this research focuses on development of a
hydraulic rating curve that models the relationship between flow and upstream energy and how
downstream submergence and clogging will affect this relationship.

The objectives of the research described in this chapter are as follows:

e Develop rating curves for four standard type TCTBs.
e Model the effect that downstream submergence will have on the rating curves.
e Evaluate the effect of clogging.

In order to accomplish the first objective, a three parameter model developed by Charbeneau et al.
(2008) as discussed in Chapter 2 was utilized. To accomplish the second task two models were
used. The first, by Villemonte (1947), was developed in order to describe the effects that
downstream submergence will have on a weir, but has proven to model barriers with small drainage
openings quite well. Also, a model developed by Charbeneau et al. (2008) will be employed by
which the Villemonte model was adapted to account for larger drainage openings. For the third
task, a procedure was developed during this research by which a model barrier was fitted with a
device that allowed for testing the barrier with different amounts of clogging.

3.2 THEORY OF FLOW

The foundation for this study is based on several key principles from fluid mechanics. This section
will review principles including the energy equation, specific energy/critical flow, and the equations
for flow over a weir and through an orifice, in order to provide a starting point for explaining the
models that were developed in this research.

3.2.1 General Energy Equation

In order to understand how phenomenon in the environment work, a study of the energy in a
system is generally conducted. This is because the law of conservation of energy allows for the
development of equations that can predict future outcomes based on changes in energy states. One
such relationship is the General Energy Equation for open channel flow (Equation 3.1). This
equation is an adaptation of Bernoulli’s Equation that accounts for a non-uniform flow distribution
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(o) and energy lost to heat (hy), due to friction, between locations 1 and 2. Other key terms in the
equation are as follows: z (vertical distance from constant datum), h (liquid depth), v (velocity),
and g (gravitational constant), where the subscript denotes locations 1 and 2.

zithita b =g+ hta 3.1)

=g

However, several simplifying assumptions can be made that greatly reduce the complexity of this
equation. The following simplifications to Equation 3.1 were presented by Klenzendorf, 2007.
First of all, z; and z, can be omitted, because the slope in the test channel is approximately zero,
which makes these terms equal. Also, if a uniform flow distribution is assumed, due to a negligible
effect by the channel walls and bottom, a can also be omitted because it would approximately equal
a value of 1. The result of these assumptions is then given by Equation 3.2, given below, in which
E is the specific energy.

E,—h,+% —h, +2 _F (3.2)
1 1 2g 2 2g 2

Next, it is then possible using the volumetric flow rate equation, Q=Av, to solve for the velocity
term. In this equation Q (volumetric flow rate) is equal to the v (velocity) of the liquid times the A
(area) that the water is flowing through. Since the geometry of the channel is known and the height
and flow of the water are being measured, it is then possible to calculate the energy. Equation 3.3,
located below, shows this result, where E (energy) is related to the h (liquid depth) and Q
(volumetric flow rate).

E=h+2%
2947 (3.3)

Lastly, one more change is necessary, which allows for the calculation of flow on a per linear foot
basis. This step allows an easy calculation to be performed for determining the flow rate that is
associated with varying lengths of barrier. The variable q (unit flow rate) is then defined as Q
(volumetric flow rate) divided by b (channel width), or q=Q/b. Substituting this change into
Equation 3.3, then results in Equation 3.4 listed below, which is the form of the energy equation
used for this research, where some further simplification has also been accomplished given that A
(area) equals b (channel width) times h (liquid depth).

E-h+-%
2gh? (3.4)
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3.2.2 Specific Energy and Critical Flow

As it was developed in the last section in Equation 3.2, the energy of a fluid in an open channel can
be calculated if the height and velocity of a fluid are known. Figure 3.1 below, shows the specific
energy associated with a varying water depth. There are several key features in this figure. First,
the line E=h corresponds to the potential energy that would occur if the fluid was stagnant. This is
important because it means that the horizontal distance from the y axis to this line represents the
value of the h term in Equation 3.2, and the remaining distance from the E=h line to the curve is
the resulting kinetic energy (v*/2g). Secondly, it can be seen from the graph that two different
water depths can result in equivalent quantities of energy. It is then useful to be able to name the
type of flow that is associated with each energy condition. A clear breaking point between the
potential energy dominated flow regime and the kinetic energy dominated flow regime is the
critical point. This point is the minimum specific energy that can be developed for a given channel
discharge and is calculated by taking the derivative of the specific energy with respect to depth,
dE/dh, and setting the resulting equation equal to zero. Solving this equation for depth results in
the value for the critical depth, h., and is shown below in Equation 3.5. Points on the graph greater
than the critical depth are called subcritical and points less than the critical depth are called
supercritical.

a2 1/3
h, = (—) (3.5)
g
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Figure 3.1. Specific Energy Graph.

The critical depth is important for the development of a mathematical model used in developing a
rating curve for this research. Ifit is assumed that water flowing through an obstruction (i.e., a
TCTB) causes the water to pass through a critical state at or near the obstruction, a relationship
between the critical height and a measured height upstream can be developed using the general
energy equation and Equation 3.5. This is illustrated below in Equation 3.6, in which the subscript
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c indicates the critical location near the TCTB and the subscript u indicates the location upstream
where the water level height is being recorded.

Yy

h, + cxﬂg—hl =h,+a, (3.6)

-
=

However, additional assumptions can also be made that will further simplify the equation. First, the
upstream flow will be subcritical due to the TCTB obstruction. This will cause the upstream kinetic

energy part of the equation to be negligible when compared to the potential energy or % < h,.

Secondly, as previously mentioned, the a and h; terms can be neglected. Lastly, if v, is converted
into an equivalent expression with q (unit flow) as was done in Section 3.2.1, we obtain Equation
3.7, which is listed below.

2
+— _—h

h
2ghc®

(3.7)

c g

Next, if Equation 3.5 is rearranged and solved for q’, the result is g% = gh_®. Ifthis is then
substituted into Equation 3.7 and rearranged to solve for h., an equation is developed which gives
the critical depth as a function of upstream depth. This equation is given below as Equation 3.8.

h.=2h, (3.8)

This equation is especially helpful for the development of a mathematical model, which
approximates the rating curve data gathered for each barrier type. Since, the actual value of the
critical depth cannot be measured, this relationship allows for the calculation of the transition point,
between supercritical to subcritical, with the measured data upstream of the model.

3.2.3 General Flow Equation
3.2.3.1 Weir Flow

Several different methods can be used to measure the flow of a liquid, such as venturi tubes,
turbine flowmeters, magnetic flowmeters, pitot tubes, and weirs. The method used in this research
is the weir. A weir is a barrier or dam placed in the channel so that the fluid backs up behind it
then falls through a notch cut into the face of the weir (Mott, 2000). The weir equation will also
be useful when deriving the model equations describing the flow over a barrier, and will be
discussed more in Section 3.3.2.
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The general equation for weirs with horizontal crests is given by the following equation (King &
Brater, 1963):

Q = Cbh,,” (3.9)

In this equation Q is the volumetric flow rate, C is the weir coefficient derived for each specific
weir, b is the width of the weir, h,, is the height of the water above the weir crest, and n is
dependent on the weir geometry. The weir equation in this research is used both in the calculation
of flow for the development of a rating curve and in deriving the model used to describe the flow
over the barrier. For measuring the flow rate during the experiments a more specific form of the
weir equation is used, which was developed to model the flow over sharp crested rectangular weirs
and 1s given below in Equation 3.10 (Rouse, 1950). In this equation Cy is an empirically derived
weir coefficient that is dependent on the effects of viscosity, the velocity distribution and capillarity
(Rouse, 1950), and all other terms have been defined previously.

2 1.5
Q= Cdgb\/z_ghw (3.10)

3.2.3.2 Orifice Flow

In addition to the weir equation, the orifice flow equation is useful in the development of the model
used in this research. According to King & Brater (1963), an orifice is a restricted opening with a
closed perimeter through which water flows. The flow rate through a sharp crested orifice (the
type of orifice that the barriers possess) is described by Equation 3.11, which is given by Bos
(1989).

Q=C_C A,/ 2gh, (3.11)

In this equation, C, is a unitless discharge coefficient, A, is the cross-sectional area of the orifice,
h, is the upstream head acting on the centroid of the orifice area, and Q and g have been defined
previously.

Equation 3.11, however, is only valid when h, is greater than the height of the orifice opening, and
the discharge is unrestricted downstream. When the orifice becomes submerged upstream and
downstream a slight alteration to this equation is necessary. The equation governing submerged
orifice flow is also given by Bos (1989) and is shown below as Equation 3.12, where Ah, is the
difference in upstream and downstream head acting on the centroid of the orifice.

Q = C;A,+/2ghh, (3.12)
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3.3 THEORETICAL MODEL DERIVATION

In order to develop the rating curve that will describe the relationship between upstream water
energy and flow for a typical TCTB, two different models were developed. The first model, the
Rating Curve Model is a model that develops the link between upstream energy and flow, without
the presence of a downstream obstruction. This model will demonstrate the ideal condition, where
water flowing through the orifice and over the top of the barrier is not affected by backwater. The
second model, the Submergence Model, will then describe the effects of an impediment
downstream that forces water to back up on the downstream side of the TCTB. This water will
then reduce flow through the orifice in the barrier and cause the potential energy (water height)
upstream of the barrier to increase.

3.3.1 Rating Curve Model

This research builds upon a previous study conducted by Charbeneau et al. (2006) and the
summary of the model used for the evaluation of hydraulic performance of bridge rail has been
described in Chapter 2. The same model has been used for the evaluation of hydraulic
performance of TCTB. The equations governing each flow type are provided in Equations 2.8,
2.11, and 2.14.

A detailed development of the model for TCTB is described here. Figure 3.2 illustrates the
different flow types, which are defined by the water height. Also, in this figure, several key
parameters used in the creation of the model are shown. The first parameter of interest is the term
H,, which is the overall height of the water that is measured by the pitot tubes at a location
upstream of the barrier. Next, h, is defined as the height of the support base. Furthermore, h, is
the difference between H, and hy, i.e., h,=H,-h,. Furthermore, h; is the height of the barrier, and h
is the height of the drain opening. Lastly, b is the width of the channel, and b, is the support base
with, which is the difference between b and by, (by=b-b,;), where b, is the width of the drainage
opening. These terms describe the physical properties of the barrier being tested and are important
in deriving the equations for the different flow types in the subsequent sections.

3.3.1.1 Type 1 Flow

In Type 1 flow, water is allowed to pass through the scupper drain, but the water level is less than
the height of the drain opening. For this flow regime, water is forced to go from a subcritical flow
upstream of the barrier, to a critical flow at the barrier, and then to supercritical as the water flows
through the opening. This is because the barrier acts as an obstruction to the flow, which causes
the potential energy to increase and the kinetic energy to decrease upstream of the barrier.
Downstream of the barrier, the water is then in a supercritical state, because of the lack of an
obstruction. Therefore, it can be surmised that at the barrier, critical flow will be developed. This
is extremely helpful information, and serves as the launching point for deriving the mathematical
model developed by Charbeneau et al. (2006). It is also important to know that the height of the
water upstream of the barrier can be related to the critical height by Equation 3.8, or h.=2h,/3,
because the critical height cannot be measured, while the height upstream is readily measurable.
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Figure 3.2. Flow Type Schematic for Modified TCTB.

With the critical height related to upstream water depth, it is also helpful to know that at critical
flow the Froude number is equal to a value of one. This is because the Froude number is the ratio
between inertial forces and gravitational forces, or the ratio between supercritical flow and
subcritical flow. Equation 3.13 below, describes this relationship, where v is the velocity, g is the
gravitational constant, and D is a characteristic length (water depth).

Fr=— (3.13)

If the Froude number (Fr) is then set to one, and Equation 3.13 solved for the velocity term, the
results is then presented below in Equation 3.14, where h, is the critical height.

Ve = v 8he (3.14)

This is very helpful, because we now can determine the velocity through the drain opening, which
is a function of gravitational forces and the water height upstream, by substituting Equation 3.8
into Equation 3.14 to obtain the following result, Equation 3.15.

(3.15)
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The flow rate through the scupper drain can then be calculated through the use of the continuity
equation, Q = vA, where v is the velocity and A is the area of flow. According to Charbeneau et
al. (date), the area of flow through a drain is diminished by horizontal contractions that occur as
water flows through the opening. To account for the reduction in area, coefficient values can be
experimentally determined that account for these losses. Figure 3.3, below, illustrates this
phenomenon, where the water entering the drain is contracted. The coefficient Cy is used here to
describe the decrease in the effective area by which the water is flowing through the opening. This
figure shows the flow being forced to the middle as water passes through the orifice, which then
causes a decrease in the effective width as can be seen in Figure 3.4.
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Figure 3.3. Plan View of Type 1 Flow.
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Figure 3.4. Type 1 Flow.

What we are left with then is Equation 3.16, which describes the flow rate at the location of critical
depth (at the barrier) based on the assumptions described above.

Q=Ave=Cy(d—by) (3hy) [5(3h.) (3.16)
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The next step is then to write the equation in a form that will easily allow the comparison of
different barriers, and derive it in a way such that it is non-dimensional. Non-dimensionalizing the
equation transforms the flow to a per unit basis, so that the equation will be applicable to any
length of barrier, and rearranging the terms so that the flow area is based on a fraction of open
space facilitates easy comparison between barriers based on the amount of area is allocated to
drainage. The fraction of open space is then given below by Equation 3.17, where A, is the cross-
sectional area of the drain perpendicular to the flow and A, is the cross-sectional area of the barrier
perpendicular to the flow, which includes the drain area, and all other terms have been defined
previously.

Ay (b-bp)ny
b= = on (3.17)

Next, by taking Equation 3.15 with 3.16 and employing some algebra, Equation 3.18 (similar to
Equation 2.8) can be derived, which is the non-dimensional equation for Type 1 flow.

¢ _ _(,F, X (ﬁ)lj (3.18)

Jcl;l"«._-"éi‘“'bi:r ° hrp M 3hy

3.3.1.2 Type 2 Flow

Type 2 flow occurs when the water level rises above the height of the drainage opening, and is
modeled as an orifice flow according to Charbeneau et al. (2006). This flow regime, like Type 1
flow, is also affected by contractions at the opening. Figure 3.5 below, shows the vertical
contraction that occurs during orifice flow. For orifice flow both the vertical and horizontal
contractions must be considered in calculating the area of flow.

The first step in developing the equation is realizing that the energy upstream of the barrier and at
the barrier will be the same. Additionally, like it was with Type 1 flow, it can be assumed that the
flow upstream will be subcritical, due to the obstruction of the barrier. This assumption leads to
the simplification of the energy equation, because the upstream water velocity (kinetic energy) will

negligible when compared to the water depth (potential energy), i.e., ;—; < h,,. Next, it

should also be noted that the water depth (potential energy) at the barrier will be related to the
height of the drain opening multiplied by the coefficient Cc, because of the contraction that occurs
when water flows through the orifice. Finally, it is possible to develop the energy equation,
Equation 3.19. In this equation the subscript u refers to the upstream position, the subscript m
refers to a location at the model, and all other terms have been defined previously.

hy = Cho + 55 (3.19)
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Figure 3.5. Profile View of Type 2 Flow.

The next step is then to use the continuity equation (Q=Av) as we did in evaluating Type 1 flow.
By rearranging Equation 3.19 we can solve for v,,. This will give the velocity portion of the
continuity equation and is given below as Equation 3.20.

Ven =/ 28(, — Cchy,) (3.20)

The area can then be realized as the height of the barrier orifice multiplied by the coefficient C,.
times the width of the barrier orifice multiplied by the coefficient C,. Plugging the values for area
and velocity into the continuity equation we are then left with Equation 3.21.

Q = ‘q‘vm = Ch (b _hpjc:hr‘L*jzg(hu - C:hrLj (321)

However, as it was done for Type 1 flow, we must also convert the equation to the non-
dimensional form. The result of the algebraic conversion is then given by Equation 3.22.

2 _ _ C,CcF, J 2(Re— c%) (3.22)

Ary g hy r

The last step is then to determine the height upstream which will be the transition point between
Type 1 and Type 2 flow. To do this we can set the equations for each of the flow types equal to
each other. The result is a cubic equation in terms of the upstream water depth, in which there are
three roots. The first root is equal to a value of —3 (which has no physical meaning), and the
second two roots equals 3/2. The resultant equation with respect to upstream water depth is then
given by Equation 3.23.
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Py 3 B (3.23)
by 2 by

This equation is non-dimensional with respect to the height of the barrier, as are the equations for
Type 1 and 2 flows. Also, it should be noted that this equation is equivalent to Equation 3.8, which
was derived earlier. It is at this point that the Type 1 and 2 flow curves intersect and the
derivatives of the curves are equal, which creates a smooth transition point between the two flow

types.
3.3.1.3 Type 3 Flow

Type 3 flow can be explained through the superposition of orifice and weir flow, in which the
orifice flow is described by the equation for Type 2 flow and weir flow is that of a broad crested
weir. The equation for broad crested weir flow is then given by Equation 3.24 (Bos, 1989). In
this equation an extra term is added, C,, which accounts for a loss in the velocity head as the water

passes over the weir.
Q=CyC,2h Eghf (3.24)

If this equation is then converted into the non-dimensional form, as the equations for Type 1 and
Type 2 flows were, the result is Equation 3.25. In this equation, it should be noted that the term
C, is omitted because combining it with C4 will result in a single coefficient, which is more practical
for modeling purposes. Also, the term hy, is equivalent to the height of the water above the weir,
which is the difference between the water height upstream and the barrier height (hy=h,-h,).

1.5 1.5
Q 2 h
~—— = (—) (—“— ) 3.25
Ara‘."ghr d: 3 h]" ( )

By combine Equations 3.24 and 3.25, we are then left with a non-dimensional equation for
modeling Type 3 flow (Equation 3.26).

Ar*.-'l-ﬁ'hr

=, () s e () (- 0)” 629

3.3.2 Submergence Model

The Submergence Model describes the effects of an obstruction that forces water to back up on the
downstream side of the TCTB. This water will then hinder flow through the barrier and cause the
potential energy (water height) upstream to increase. The increase in the water height will then be
a departure from the prediction given in the rating curve model. To describe this departure two

37



methods have been developed. The first is a model developed by Villemonte (1947), which is based
on the general weir equation and the principle of superposition. This model, however, tends to
overestimate the effects due to low flow rates and underestimate those due to high flow rates
(Klenzendorf, 2007). The second is an empirically derived equation developed from the
Villemonte model, which is described by Klenzendorf (2007). In this model, the non-dimensional
flow rate is included in the equation in order to represent the impact that changing the flow will
have on the rating curve.

3.3.2.1 Villemonte Model

As previously noted, the Villemonte Model describes the effect that an increase in downstream
water depth (submergence) imparts to upstream water depth. To describe the interaction between
upstream and downstream water depth the principle of superposition was used, where the net flow
rate (Q) is a function of the upstream and downstream discharges Q; and Q, that would occur
under conditions without submergence.

*
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Figure 3.6. Villemonte Model (Villemonte, 1947).

The resulting statement is then given below by Equation 3.27, where the net flow is equal to the
difference between flow upstream and downstream (Q = Q; — Q) ,and the equation has been
algebraically transformed so that the left hand side represents a submergence coefficient.

2-1-2 (3.27)

@1 Q4

This equation, however, proved to be invalid when compared to the data Villemonte conducted on
various weirs. Nevertheless, a relationship was discovered between Equation 3.27 and the data,
when a multiplicative and an exponential constant (k, m) were added to the right side of the
equation. The result of these additions leads to Equation 3.28, given below, which is the general
form of the submergence model.
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Q (3.28)

If we then insert the general form of the weir equation (Equation 3.9) into Equation 3.28 the result
is given by Equation 3.29, in which the exponent n is dependent on the particular weir being used.

2-ca-2)

Furthermore, C and b can be removed from the expression because they are a constant for both the
upstream and downstream flows, and the coefficient £ can be removed, because it was
experimentally determined to have a value of 1 for weirs with horizontal crests by Villemonte. This
results in Equation 3.30. In this equation energy (e), expressed in ft, has been substituted for the
height above the weir, where the head datum is measured from the support base instead of from
the top of the weir, as was done in the Villemonte model. Also, because the LPCB has a horizontal
crest, a value of 1.5 can be inserted for n.

5—1 - (1 - C—:)l'a)m (3.30)

However, since the LPCB includes orifice flow, the value of 1.5 for n may not be entirely correct.
It should be noted though, that this equation is still used, because it has been found to produce
reasonable results.

3.3.2.2 Empirical Model

Another model has been developed by which the Villemonte model is adapted to account for
changes in the flow rate. In this model proposed by Klenzendorf (2007), the non-dimensional flow
rate is included in the power term, and an additional parameter (A) is inserted into the equation to
create a lower bound, where the downstream water height has a limited effect on the upstream
water elevation. Also, the power term n is assumed to be one. This is because the value of 1.5
used in the Villemonte model is derived from the weir equation, and the addition of orifice flow
will alter this term. The result of these changes is given below in Equation 3.31, where Fg is the
non-dimensional flow rate, B is the model coefficient, and all other terms have been defined
previously.

Q s /BFq
2 _ (A—) (3.31)

Eu
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Furthermore, the value of A used in this report is taken from an experiment by Klenzendorf. To
find a suitable value for A, the type T203 bridge rail submergence test data was compared to
Equation 3.31. When different values for A were plugged into the equation a plot of the standard
error versus A was developed. This graph is presented in Figure 3.7. In this graph, there appears
to be a local minimum when A equals 2/3. Since the flow through the bridge rail is similar to that
of a traffic barrier, this value is used as the fitting parameter in this research.
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Figure 3.7. Fitting Parameter A (Klenzendorf, 2007).

3.4 PHYSICAL SETUP
3.4.1 Model Barrier Construction

The first step for the laboratory experiment was the construction of the model and model base.
This was a key step because the quality of the models being tested will inevitably affect the quality
of the results.

The models were constructed using TxDOT standard drawings, which are included in Appendix A.
These drawings were obtained from the TxDOT website (TxDOT, 2009) and are available to the
public. For the construction of the models, timber was chosen as an alternative to concrete (actual
barrier material), because of the relative ease of construction and movement, and because the
hydraulic properties being measured are independent of the material, as long as the material is
impermeable. In order to make the models as impermeable as possible, all the pieces were coated
twice with a water proofing compound and with a final coat of primer paint. This also assured that
the models would not warp or disintegrate during multiple tests. As seen in Figures 3.1-3.3, the
models were constructed with a hollow interiors and open ends to decrease the effect of buoyancy
forces during testing. This, however, will have little effect on the hydraulic properties being tested,
because testing is only conducted after the flow has reach steady state, and under these conditions
the amount of water flowing into and out of the model is negligible compared to the total amount
of flow. Furthermore, in order for the models to conform to the existing test channel at the
CRWR, the models were constructed at half scale with only half of a typical barrier section and one
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scupper drain analyzed. Lastly, only one model barrier was constructed to analyze both the SSCB
and SSCB-SPL. This is because both barriers had similar geometries with different sized drainage
openings. This model will be referred to as the Modified Single Slope Concrete Barrier (MSSCB).
Through adaptations to this model both the SSCB and SSCB-SPL barrier’s rating curves were
developed.

3.4.2 TCTB Descriptions

Temporary Concrete Traffic Barriers are used in order to prevent traffic from leaving the main
driving surface. They are placed in locations where protection from oncoming traffic is needed and
to provide safety for work crews in construction areas. The most important factor in determining
the hydraulic performance of a TCTB is the drainage opening size. Some of the parameters, which
affect this performance, such as height of barrier (h,), height of drain opening (hy), width of drain
opening (by), and F, (Fraction of open space) for the model barriers are included below in Table
3.1. For a more detailed examination of the actual barrier dimensions, see the standard drawings in
Appendix B.

Table 3.1. Key TCTB Model Parameters.

TCTB-Model h, (in.) hy (in.) by (in.) F, (%)
MSSCB 21 6 8 3.81
CSB 16.5 1.5 12 1.82
LPCB 10 1 12 2.00
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(©)
Figure 3.8. Model TCTBs: (a) MSSCB, (b) CSB, and (c¢) LPCB.

3.4.3 Model Barrier Support Construction

Before construction of the models began, a support base was constructed in the channel to firmly
anchor the models during testing. Since previous experiments completed in the channel were
successful with a particular base design, it was decided that a similar base should be constructed.
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The outside dimensions of the base are as follows: 5 ft (152 cm) along the width of the channel,

4 ft (122 cm) along the length of the channel, and approximately 6 1/2 in. (16.2 cm) in height from
the channel bottom. For the construction of the base 2x6 boards, 5/8 in. (1.6 cm) thick plywood,
concrete, and sand were utilized. Figure 3.9, looking downstream in the channel, shows the model
support base before being sealed with the top plywood piece.

The base was constructed with two sections. The upstream section was filled with concrete and has
inside dimensions of 4.5 ft (137 cm) along the width of the channel, 1 ft (31 cm) along the length
of the channel, and approximately 5 in. (13 cm) from the channel bottom. The concrete was
utilized to provide the rigidity needed for the three support bars, located in the middle of the base
and at 9 in. (30 cm) from each side of the channel. The downstream section was filled with sand to
give the base more mass, in order to resist the forces experienced during testing. Also, the three
boards perpendicular to the direction of flow were each fitted with two brackets that were
anchored to the bottom of the channel. Two boards were also added on the outside of the main
frame and were not connected to the frame or the channel. Theses boards would allow the release
of water upstream of the base after completion of testing, and were held in place with brackets
connected to the base and the channel walls on the downstream side of the base.

——
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Figure 3.9. Support Base without Plywood Top.

3.4.4 Testing Facility Layout

The laboratory setup at CRWR consists of: a reservoir, two pumps with valves to regulate flow, a
main channel (where the model is located), the return channel, and a sharp crested weir located in
the return channel upstream from the reservoir (used to measure flow). A visual diagram,

Figure 3.10, is presented below to better explain the layout. In addition to these items,
components used in this experiment include: nine pitot tubes connected to an inclined manometer
board, which is used for measuring the height of the water upstream and downstream of the model,
and a tail water gate located in the main channel that was used to increase the water elevation
downstream of the model. Each of the components listed above will be described in more detail in
the subsequent sections.
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Figure 3.10. Testing Facility Layout (Klenzendorf, 2007).
3.4.4.1 Water Delivery System

The water used in testing is stored in a half million gallon capacity reservoir, which has to be
periodically filled due to loss from evaporation and leakage. Two centrifugal pumps are located in
the reservoir and are used to move the water to the main testing channel. Each pump can be
operated independently and is fitted with a valve which allows the flow in the channel to be
adjusted. The water from the pumps enters a head box (see Figure 3.11) which is located at the
start of the main channel, and is fitted with several devices that dissipate and distribute the flow of
the incoming water, so that the flow upstream of the model is relatively uniform. The first of these
devices is a collection of 3.5 in. (9 cm) pall rings used to reduce energy. The pall rings are
followed by a partition of concrete cinder blocks, which further decrease the energy. These
devices are then finally followed by nine baffle plates that are spaced approximately 6 in. (15 cm)
apart and are 5 ft (152 cm) in length, which distribute the flow across the width of the channel.

Figure 3.11. Head Box.
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The water then flows down the main channel where the testing equipment and model are located.
At the end of the main channel the water then falls into the return channel which is at an elevation
of approximately 3 ft (91cm) below that of the test channel. Due to the fact that another testing
locale uses the same return channel the water then flows two ways, however, all the water used is
routed back to the reservoir, where it must first flow over sharp crested weir. Therefore, no water
is lost during testing and flow measurements, using the sharp crested weir, can be recorded once
the system has reached steady state conditions.

3.4.4.2 Channel Description

The main channel, where the model is located, is approximately 125 ft (38.1 m) in length, 5 ft

(152 cm) in width, and 2 ft 8 in. (81 cm) in height. The slope of the channel is approximately
horizontal (zero slope) and the sides are approximately perpendicular to the bottom. The upstream
face of the model is located approximately 90 ft (27.4 m) from the start of the channel. The two
sets of pitot tubes upstream of the model are at locations 75 ft (22.9 m) and 80 ft (24.4 m) from
the start of the channel and the downstream set of pitot tubes are at a location 100 ft (30.5 m) from
the start of the channel.

3.4.4.3 Sharp Crested Weir

A sharp crested weir (see Figure 3.12) is located in the return channel approximately 30 ft (9.14 m)
upstream of where the water enters the clarifier. The weir covers the whole width of the return
channel and is 5 ft (152 cm) wide and 2 ft (61 cm) tall. It is equipped with a small rectangular
opening that is 1 ft (30.5 cm) wide and 8 in. (20 cm) tall, which is located in the lower middle
portion and is used in order to release the water after testing is complete.

Figure 3.12. Sharp Crested Weir.

The construction of the weir is described in Hydraulic Effects of Safety End Treatments on Culvert
Performance by Benson (2004); in this MS thesis the weir coefficient (C4) was experimentally
derived to be 0.618. With the weir coefficient known, it is then possible to calculate a flow rate
based on the height of the water above the weir. This is accomplished according to Equation 3.32
(King & Brater, 1963), where b is the width of the weir, g is the gravitational constant (32.2
ft/sec’), hy is the height of the water above the weir, and Q is the flow rate in ft*/sec.
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Q =c¢, Ebwfzghwﬂ (3.32)

3

To determine the height above the weir, a point gage (see Figure 3.13) was used that allowed
measurements to be taken to the nearest thousandth of an inch. The gage was located
approximately 16 ft (5m) upstream from the weir and was enclosed by a stilling well in order to
reduce the effect of waves on the water surface. The gage was placed well upstream of the weir in
order to take measurements where the surface profile is undisturbed. Normally, this upstream
distance is approximately six times the maximum expected head (distance above the weir) (Mott,
2000). The stilling well was constructed from clear piping that had an inside diameter of 2 in.

(5 cm) and was open on both ends. The bottom of the stilling well was located approximately 2 in.
(5 cm) from the bottom of the channel and the top was flush with the top of the channel. The gage
is also equipped with a level bubble to ensure that readings were not affected by the angle of the

gage.

In the MS thesis Hydraulic Performance of Bridge Rails based on Rating Curves and Submergence
Effects by Brandon Klenzendorf (2007), the method for calibrating the point gage is discussed.
According to Klenzendorf, several measurements were taken with the gage at the point when the
water level was at the top of the weir, and the average value using the point gage for the top of the
weir was found to be 0.954 ft (Klenzendorf, 2007). This value is then the effective zero point for
the amount of head above the weir. In order to calculate the height above the weir, 0.954 ft was
subtracted from the gage reading.

-~

Figure 3.13. Weir Point Gage.
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3.4.4.4 Pitot Tubes and Manometer Board

Nine pitot tubes connected to an inclined manometer board were utilized to measure the upstream
and downstream water level height. Six tubes were used to measure the water depth upstream of
the model and three were used to measure the downstream water depth. The pitot tubes were
equally spaced across the width of the channel in groups of three and were located a sufficient
distance away from the model so that the measurements would not be affected by turbulence or
changes to the surface profile near the model. Figure 3.14 demonstrates the location of the pitot
tubes in relation to the model.
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Figure 3.14. Pitot Tube Locations: (a) the Diagram (NTS) and (b) the Picture.

The pitot tubes used are designed to measure static pressure head (water depth) and total pressure
head (static head and velocity head). Two ports are located on the pitot tube for recording each of
these heads; however, the port used for static pressure was the only one utilized in this research. A
schematic of the pitot tubes that were used is shown below in Figure 3.15.
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Figure 3.15. Pitot Tube Schematic.

The pitot tubes were then connected to an inclined manometer (see Figure 3.16) board by flexible
plastic tubing attached to the static pressure port. An inclined manometer is used in lieu of a
vertical one, because of the increased precision that is achieved. This increase in precision is due
to the fact that a small vertical change will result in a large change along the incline. The
construction of the manometer board and its calibration are described by Brandon Klenzendorf
(2007).

——

Figure 3.16. Inclined Manometer Board.

The manometer board consisted of nine rigid plastic tubes connected on the bottom end to the
pitot tubes (via the flexible tubing) and on the upper end to a manifold (via flexible tubing). The
manifold was used to flush water through the system in order to remove any air in the lines prior to
testing. Also, small holes were drilled into the top of the rigid pipes so that the water in the tubes
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would be exposed to atmospheric pressure. Since the water in the manometer board and water
flowing in the channel are both exposed to atmospheric pressure, the water level in both should be
the same.

To gauge the height of water in the channel with the inclined manometer board two pieces of
information must be known, which are: the angle of the manometer board and the height of the
zero measurement (on the manometer board) above the channel bottom. The angle of inclination
of the manometer board used for this research is approximately 25.5° (Klenzendorf, 2007).
Therefore, a vertical height can be calculated simply by multiplying the inclined reading by the sine
of the angle of inclination. Equation 3.33 is included below to better illustrate how this is
accomplished, where h, is the vertical height, h; is the height recorded on the incline, and 6 is the
angle of inclination.

h, = h, sin @ (3.33)

In order to determine the height of the water above the channel bottom, however, the height of the
zero measurement must also be known. Surveying equipment was used to accurately measure this
distance (Klenzendorf, 2007). It was determined that the elevation difference between the channel
and the zero measurement is approximately equal to 0.835 ft (25.5 cm). Therefore, to determine
the height of the water above the channel bottom this difference must be added to the vertical
height calculated in Equation 3.2. This is further illustrated below by Equation 3.34. In this
equation, H is the height of the water above the channel, h, is the vertical height calculated from
the inclined manometer board measurement, and h,, is the height of the manometer board zero
reading, which is the height of the water above the channel bottom when the manometer board
registers a zero value.

H(ft)=h,+h,, = h.sin(255%) +0.835 (3.34)

3.4.4.5 Tailwater Gate

A gate that is hinged at the top and connected at the bottom with steel cables was installed prior to
the main channel discharge into the return channel. The steel cables are connected to a crank that
control the height of the gate, which then allows for testing the effects of submergence
downstream of the model. This is accomplished by lowering the gate into the water and creating
an obstruction that produces a hydraulic jump. The hydraulic jump is the result of the specific
energy of the water changing from supercritical to subcritical flow. When this happens the water
depth increases, which allows for testing the affects of downstream submergence on the upstream
water depth. As the gate is lowered, the obstruction becomes greater and the downstream water
depth increases. This affects the upstream water depth by impeding the flow through the orifice,
which then causes the upstream water depth to increase.
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Figure 3.17. Tailwater Gate.

3.5 METHODOLOGY

As with any experiment, specific methods must be followed to ensure the reliability and accuracy
of the data being gathered. This section will discuss the start up procedure, rating curve data
gathering and submergence testing data gathering procedures, and shut-down procedures.

3.5.1 Start-Up Procedure

This sub-section will discuss the start-up procedure for both the rating curve and submergence
tests. To begin testing, the removable boards were inserted in the model base, and the small
rectangular opening in the sharp crested weir was closed. The next step was to make sure that the
pitot tubes were working properly. This was done by connecting the manifold on the manometer
board to a water faucet located on the exterior of Building 120, which was located next to the
channel. With the manifold connected to the water line, the water was then turned on and water
allowed to flow into the manometer board and out to the pitot tubes. At this point the flexible
tubing connecting the pitot tubes and manometer board and the rigid tubes of the manometer board
were both monitored for the presence of air bubbles. Also, the pitot tube’s static ports were
checked to determine if there was any blockage. The pitot tubes used were equipped with eight
ports. If any of the ports were clogged, they were either unclogged via a wire brush or were
replaced with a new pitot tube. After the tubes were shown to be in working order and the air in
the lines was flushed, the valves on the pumps were then adjusted and the pumps turned on. The
water to the manifold was then turned off after the pitot tubes were submerged. This ensured that
air would not be allowed to re-enter the lines. The last step was to allow the pumps to run for a
minimum of 45 minutes before data was collected. This time was determined during previous
research by Klenzendorf (2007), and was set so that enough time was allowed for water to fill up
the return channels and steady state conditions could be achieved before flow measurements at the
sharp crested weir were recorded.
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3.5.2 Rating Curve Testing Procedure

During the development of the rating curves for the TCTBs only the six upstream pitot tubes were
used. Three tests were conducted for each flow rate, with a minimum of two minutes between
each test. Each test consisted of recording the height readings on the manometer board for each of
the pitot tubes, and recording the measurement taken from the point gage for calculating the flow.
The precision of the manometer board readings is 0.005 ft and was taken from the bottom of the
meniscus. The point gage’s precision is 0.001 ft and was recorded when the tip was observed to
make contact with the water surface. Due to slight oscillations in the water’s surface the

arithmetic mean of the values recorded in the three tests are used in the development of the rating
curve.

When testing was accomplished for multiple flow rates on the same day, the valves and pump
combinations could be changed after one test was complete. Since water had already filled the
return channels, 30 minutes was allowed for the flow to stabilize and reach steady state conditions,
instead of the 45 minutes that was required for start-up.

3.5.3 Submerged Testing Procedure

For testing the affect of submergence on the water height upstream, all nine pitot tubes were
utilized. Six pitot tubes were located upstream of the model and were used to measure the
upstream water depth. Three additional pitot tubes were located downstream of the model and
were used to measure downstream water depth. During submergence testing six tests were
performed for each different position of the tailwater gate. Six tests were performed instead of
three, because of the turbulence generate by the hydraulic jump. At lower downstream water
elevations, as much as 1.5 in. of change was detected during a test, but as the water level increased
the readings became much more stable. However, for the sake of consistency, six tests were
performed for all the different tailwater gate positions.

The first test was conducted when the tailwater gate produced a hydraulic jump that brought the
downstream water elevation to the top of the model support base. At this point the downstream
water depth should have little effect on the upstream water depth and is an appropriate starting
point for testing. Also, at this point, the pitot tubes become submerged and the water to the
manifold on the manometer board is shut off, so as to prevent any air from entering the lines. As
with the rating curve tests, two minutes is allowed in-between each of the tests, in order to detect
any fluctuations that might be occurring. A minimum of eight tests were performed at the same
flow rate and different tailwater gate positions, and four such series of tests were performed at
different flow rates.

Unlike the rating curve tests, the flow rate was not changed between tests. Since the flow rate did
not change, the only part of the experiment that required time to stabilize was the downstream
water depth. A minimum of 15 minutes was allowed for the water level to stabilize after one test
was complete and a new tailwater gate position established. Also, as it was with setting the
tailwater gate so that the downstream water level was at the height of the model base, some
adjustment was necessary between tests in order to perform experiments where the water elevation
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was not too similar to the last experiment and did not deviate too much as to create too large a gap
between experiments.

3.5.4 Shut-Down Procedure

The shut-down procedure for both the rating curve and submergence tests is the same. The pumps
are first shut off and some of the water is allowed to drain. At this time, the tailwater gate is also
raised (if performing submergence test). Once the water level in the main channel has dropped it is
then possible to remove the boards on the side of the model base and open the gate on the sharp
crested weir, so that the remaining water can drain back to the reservoir.

3.6 EXPERIMENTAL RESULTS
3.6.1 Rating Curve Data

Figure 3.18 summarizes the data gathered where the ordinate values are expressed in units of feet
and the abscissa is the flow rate. These graphs alone, however, do not constitute a model, as was
developed in Section 3.3.1 and 3.3.2 of this report. Furthermore, only three sets of data are given
below, because the data for the MSSCB was used in the analysis of both the SSCB and SSCB-
SPL.
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Figure 3.18. Rating Curve Data for (a) MSSCB (b) CSB, and (¢) LPCB.
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In order to obtain a graph which represents the model equations and the data in Figures 5.1-5.3,
the Excel Macro Tool was utilized to create a function that can be used in an Excel spreadsheet.
This function, Qnon, calculates the non-dimensional flow rate based on the input variables e (e,/h;),
fo (fraction of open space), a (hy/h;), and the coefficient values C, C,, and C,.

Function Qnone, fo, a, cb, cc. cd)
If{e =1.5%cc *a) Then
OQnon=cb*fo*(1/a)*(2*¢/3)" 1.5 Typel Flow'
Else
non=ch*cc* fo* Sqr(2 * (¢ - cc ®* a)) "Type 2 Flow'
End If
Ite=1Then
Qnon=CQunon+cd® (2/3%(e-1))" 1.5 Type 3 Flow'
End It
End Function

Microsoft Excel Solver and regression was then utilized to fit the model to the data by changing
the coefficient values of C,, C., and Cy, where the coefficient values were subject to the following
constraints:

00<C, =1.0 (3.35)
00<C.=1.0 (3.36)
0.0<C, (3.37)

The constraints are necessary because in the developed equations, C, and C. describe the
contraction that happens when water passes through the orifice, and a zero value would result in
no flow in the horizontal or vertical directions, respectively. Cq4, on the other hand, has to be
greater than zero, because a negative value would produce negative flow after the water
overtopped the barrier and a value of zero would result in zero flow over the barrier. The results of
this analysis are given below in Figure 3.19, where the abscissa and ordinate are in the non-
dimensional form that is given in the model equations developed by Charbeneau et al. (2008). Also,
the coefficients that were calculated for each of the barriers are given below in Table 3.2 with the
associated standard error between the rating curve and the observed data.

Table 3.2. Rating Curve Coefficient Values.

Coefficient MSSCB CSB LPCB
Cb 0.588 0.477 0.177
Cc 1.000 0.855 0.338
Cd 0.843 1.011 0.900
S.E. 3.20% 8.64% 4.41%
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Furthermore, in order to understand the effects on the actual barrier, we can transform the model
output through simple algebra, to get the flow rate and energy upstream. For example, using the
function Qnon it is possible to solve for the non-dimensional flow, given the non-dimensional
specific energy. If the non-dimensional values are multiplied by the physical parameters of the

barrier, the actual flow rate and upstream energy can be calculated. This is shown below by
Equations 3.38 and 3.39.

-9 xA Jgh,=—2 _xb [gh? (3.38)
Q - Hf"v'lm X -r\,-'l‘g T Ar'\-:m X .J,.*'Jl‘g v ’
e, = % X h, (3.39)

Moreover, if the LPCB is analyzed, it is possible to develop a graph similar to Figure 3.20, where
the flow is based on a per linear foot of barrier basis (b=1).

2.3
£
= 2.0
P
5 Flew vs. Energy
£ 1.5
m
B ———Rall Helght
& 1.0
=
z
2aos
bl

a.o 1

a 0,05 0.1 0.15 0.2
Flow [cfs) / ft of rall

Figure 3.20. LPCB Example Rating Curve.

3.6.2 Submergence Data

The data presented below in Figure 3.21 are the result of testing conducted according to

Section 3.3.2. A diagonal line with slope 1.0 has been inserted on the graphs to visualize when an
incremental increase in downstream depth will result in the same increase in upstream height. This
line is considered the asymptote of the data, because when the data approaches this line the
barrier’s effect is negligible and the data will continue to increase and follow this line. Also, it
should be noted that the flow rate in the legend is given as the range of values that were recorded
during a test. This is because the flow varied slightly during testing.
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Figure 3.21. Submergence Data for (a) MSSCB, (b) CSB, and (c¢) LPCB.
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Testing was conducted at four different flow rates in order to determine the effect that flow will
have on the submergence ratio. In the first model, there will be no effect due to varying the flow,
because the Villemonte Model is independent of flow; however, the Empirical model is implicit
with respect to flow and a series of curves will be developed to describe the effect of submergence
for different values of Q.

3.6.3 Villemonte Model

The resulting Villemonte Models are presented below in Figure 3.22. Also, the coefficient (m) for
each of the barriers is listed below in Table 3.3, with the associated standard error. The model
provides a reasonable fit to the data, and is more straightforward than the empirical model, which
depends on the flow rate being known.

In order to obtain the coefficient value, the actual flow rate (Q) was measured, and the theoretical
flow rate upstream (Q;) was calculated using the rating curve model already developed, with the
measured height of water upstream. The only other parameters in the Villemonte model are the
energy upstream and downstream, which are also being measured. With these measured values,
the Microsoft Excel Solver function was utilized to select values for the coefficient (m) such that
the standard error between the measured values of the submergence ratio and the model derived
submergence ratio was minimized.

Table 3.3. Villemonte Model Coefficient Values.

Coefficient MSSB CSB LPCB
m 0.485 0.255 0.109
S.E. 6.62% 12.12% 5.89%
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Figure 3.23 is the graphical representation of the difference between the predicted submergence
ratio and the data. The one to one line inserted on the graph has been inserted so a quick
comparison of the difference between the modeled value and measured value can be made. Ifa
data point lies on the line, this means that the modeled and measured values are the same.
Conversely, the further away a data point is from the one to one line, the larger the discrepancy
between the modeled and measured values. Furthermore, the data points have been separated by
flow rate, to present the difference in error for different flow values.

3.6.4 Empirical Model

The resulting Empirical models are given below in Figure 3.24, where a series of curves have been
developed using the average of the four different flow rates that were used in the different
experiments. The coefficient (B) is also listed below in Table 3.4. The process for obtaining this
coefficient is same as used for the Villemonte model, with the exception that the Empirical
submergence equation was utilized.

Table 3.4. Empirical Model Coefficient Values.

Coefficient MSSB CSB LPCB
B 100.93 97.690 63.194
S.E. 7.82% 11.87% 7.69%

Figure 3.25 below is the graphical representation of the difference between the Empirical model’s
predicted submergence ratio and the data. These graphs are similar to Figure 3.22, which was
constructed for the Villemonte model, and are meant to highlight the difference in error for
different flow values.
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3.6.5 Comparison of Submergence Models

A comparison of the standard errors between the Villemonte and Empirical models reveals that the
Villemonte model represents the data more concisely for the MSSCB and LPCB. It can also be
seen that the Empirical model represents the CSB more accurately, because of the lower standard
error. However, the standard errors between the two models are very similar. Because the errors
are comparable and the use of the Villemonte model is more straightforward (not dependent on the
flow rate), the use of this model should be the preferred choice when modeling the affect that
downstream submergence will have on rating curve. Furthermore, the fact that the Villemonte
model describes submergence so well is due to the fact that it was developed for weir structures,
which each of the TCTBs approximate with their small orifice sizes. However, the Empirical model
did relatively well in its prediction, but is better suited to modeling flow through barriers where the
fraction of open space is larger and the flow through the orifice will have more of an impact.

3.7 CLOGGING EVALUATION
3.7.1 Introduction

When considering the hydraulic performance of a TCTB, clogging of the drainage opening should
be considered. This is because the small openings in the barriers will make them more susceptible
to clogging. If the barrier becomes clogged, the specific energy upstream will increase as a function
of the amount of clogging until the drainage opening is completely clogged. After the opening is
completely clogged, the barrier will then exhibit flow characteristics similar to a weir.

In order to study the effect that a variable amount of clogging would have on the hydraulic
performance of a TCTB, the MSSCB model was tested. This barrier was equipped with a device
that closed off part of the open space and allowed testing to be performed at 50% and 75% of the
original drainage opening area. The original MSSCB can be seen in Figure 3.26a and the barrier
when 50% and 75% clogged can be seen in Figure 3.26b and 3.26c, respectively.

Testing of this barrier in all three conditions was conducted as described in Section 3 of this paper.
The next sections will describe the experimental results and the conclusions that can be drawn from
those results.

3.7.2 Experimental Results

When clogging occurs, it changes the fraction of open space that is available to the barrier. Since
the fraction of open space is a variable in the equations for Type 1, 2, and 3 flow, it should be
possible to adjust this parameter to account for a desired amount of clogging. Before the
experiments on the MSSB were conducted, the fraction of open space was adjusted to represent
the 50% and 75% clogged condition. This was done by simply multiplying the original fraction of
open space by the percentage of open space available after clogging, Fo * (1 — % clogged). With
this variable changed and all others left the same Figure 3.27 was developed. From this graph it
can be seen that as the percentage of clogging increases the equations will shift to closer to the
ordinate axis, and that if complete clogging were to occur, weir type flow would be developed.
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Figure 3.26. MSSCB (a) 0% Clogged, (b) 50% Clogged, and (c¢) 75% Clogged.
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Next, in order to determine if this prediction adequately predicts the effects of clogging, the model
was compared to the experimental data. This data is displayed below, in Figure 3.28, along with
the prediction curves that were displayed in Figure 3.27. It can be seen from the graph that the
prediction follows the general trend in the data. The standard error in the prediction is presented in

Table 3.5.

Figure 3.27. MSSCB Clogging Prediction.
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Figure 3.28. MSSCB Clogging Prediction Results.
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Table 3.5. Standard Error of Clogging Prediction.

% Clogged S. E. (%)
50% 6.78
75% 4.20

With these results, it is now possible for designers to determine the effects that various amounts of
clogging will have on the hydraulic rating curve of a barrier being considered, by simply changing
the fraction of open space to account for the clogged condition. Furthermore, this information can
also be used by designers in order to design barriers with different sized openings to meet the
hydraulic characteristics in a particular area.

Lastly, this makes possible the creation of a rating curve to describe the SSCB and SSCB-SPL. By
using the same coefficients already derived for the MSSCB and changing the fraction of open
space to match that of each barrier, a rating curve can be created. These rating curves are
presented below in Figure 3.29. The MSSCB barrier has also been included for comparison

purposes. Furthermore, the parameters used to create these models are included below in
Table 3.6.

SSCB MSSCB SSCB-SPL
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Figure 3.29. SSCB Rating Curve.

Table 3.6. SSCB/SSCB-SPL Rating Curve Parameters.

Type of TCTB Cp C. Ca F,
SSCB 0.588 1.000 0.843 0.635%
SSCB-SPL 0.588 1.000 0.843 9.52%
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CHAPTER 4: STABILITY ANALYSIS OF TCTBS IN EXTREME FLOOD
4.1 INTRODUCTION

Stability of the TCTB against sliding or overturning is very important during extreme flood
situation for safety. During the extreme flood, most of the TCTBs provide very less amount of
flow to the downstream direction compared to the upstream flow and thus magnify the flooding at
upstream by increasing the head water elevation. This increased head provides additional water
pressure to the barrier which causes the barrier to fail against sliding or overturning. On the other
hand, if the opening is increased significantly to provide a larger draining ability, then the weight of
the barrier is decreased and also the center of gravity of the barrier becomes higher causing more
susceptible to overturning.

The stability against sliding and overturning of the common types of TxDOT traffic barriers has
been studied considering different types of scenarios. These scenarios are based on flood
condition, geometry of the roadway, and downstream drainage pattern. In order to evaluate the
stability against sliding, the coefficient of friction between the barrier surface and different types of
pavement surface is also determined for different situations, such as wet and dry, clean and unclean
surfaces, and low and high bearing stresses.

4.2 EXPERIMENTAL SETUP AND METHODOLOGY
4.2.1 Determination of Coefficient of Friction

In order to determine the factor of safety against sliding during extreme flooding, the coefficient of
friction between the TCTB and the surface on which the TCTBs are placed needs to be known.
Thus the coefficient of friction between the TCTB and different surfaces on which the TCTBs
could be placed on is measured at field for practical reason. Different surfaces, such as asphalt
pavement surface, concrete pavement surface, and compacted subgrade, subbase, and base
surfaces are tested to evaluate the frictional coefficient with the concrete surface of the TCTB. The
coefficient of friction is determined for a wide range of surfaces with different roughness and ages
by field experiments.

To determine the coefficient of friction between the TCTB and the pavement surface, the ASTM
standard: ASTM C1028-07 has been used. This standard method is designed primarily to
determine the static coefficient of friction of tiles and like materials.

According to the standard, a horizontal dynamometer pull meter and a heel assembly (Figure 4.1)
is required to determine the static coefficient of friction. The dynamometer pull meter should be
capable of measuring 100 Ibf, accurate to 0.1 Ibf, and capable of holding the peak value. To fulfill
the requirement of the standard, a Chatillon DFE—100 Force Gauge (Figure 4.1) has been used as a
horizontal dynamometer pull meter in the field experiments. And a rectangular (6 in. x 8 in.)
concrete block is prepared simulating the bottom of TCTB and assembled with weight to apply a
weight of 22 kg according to the standard.
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re 4.1. Horizontal Dynamometer Pull

Figu Meter and a Heel Assembly.
To determine the force required to pull the concrete block having a weight of 22 kg, the cable
attached to the pull meter was pulled horizontally with an incremental force.

When the block started to move, the peak value from the gauge was recorded. To minimize the
variability of the surface, 12 numbers of readings (three in each direction) were taken for each
surface and averaged to determine the coefficient of friction. The coefficient of friction was
calculated based on the following equation:

Coefficient of friction, f= (F/ W)

Where, f= Coefficient of friction

F = Force (peak value) required to move the assembly, Ibf
W = Weight of the heel assembly, 1bf

4.2.2 Validation of the Method

For the ASTM C1028-07 standard, the bearing stress caused by the testing block is calculated as
Bl 101~ 1 psi. But the bearing stresses caused by the TCTBs are different than that of

ExEin?

the standard block. For example, the bearing stress caused by a SSCB is calculated as 2.70 psi,
which is much higher than the stress comes from the standard heel assembly. The bearing stresses
of different TCTBs are shown in Table 4.1. Since the actual bearing stresses are significantly
higher than that caused by the heel assembly, the effect of bearing stress on coefficient of friction is
determined.
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Table 4.1. Actual Field Stress Caused by the Different TCTBs.
Types of TCTB Height of TCTB | Field stress caused
(in.) by the TCTB (psi)
42 2.70
SSCB 48 3.05
54 3.38
SCB 33 1.67
42 3.22
SSCB-SPL 43.5 3.31
LPCB 20 2.26

In order to address the issue of any possible variation of the coefficient of friction with bearing
stress, the coefficient of frictions between the bottom of the TCTB and the concrete and asphalt
road surfaces were measured first with the standard stress level (1 psi) and then with a bearing
stress of 2 psi. Then a statistical analysis was performed to see whether the variation of bearing
stress has any significant effect on the coefficient of friction.

Since the statistical analysis showed that the variation of bearing stress has significant effect on the
coefficient of friction, four different common pavement surfaces were tested for the coefficient of
friction at different stress levels like 1 psi, 1.5 psi, 2 psi, 2.5 psi, and 3 psi to see the trend of
change and to develop a curve that could be used to estimate/convert the actual coefficient of
friction at any field stress from the test results of the standard testing procedure (ASTM C1028—
07).

4.2.3 Determination of Coefficient of Friction for Different Surfaces

The coefficient of friction is determined in the field for five different surfaces, such as asphalt
surface, concrete surface, base surface, sub base, and compacted sub grade following the method
described in Section 4.2.1. For each type of surface, a number of surfaces were selected based on
surface texture and age to get a range of coefficient of friction. The coefficient of friction was
determined for both dry and wet condition.

4.2.3.1 Concrete and Asphalt Surfaces

The coefficient of friction between the pavement surfaces and the bottom surface of TCTBs has
been determined for different types of concrete and asphalt surfaces (Figure 4.2). Four different
types of surfaces were selected for both concrete and asphalt pavement for the determination of the
coefficient of friction. The concrete surfaces are: (a) roughly finished, age > 10 yrs, (b) semi-
roughly finished, age 5-10 yrs, (¢) smoothly finished, age 5-10 yrs, and (d) smoothly finished, age
2-3 yrs. Similarly, the asphalt surfaces are: (a) roughly finished with some crack, age 5 yrs; (b)
roughly finished without crack, age 5 yrs; (¢) smoothly finished with some crack, age 1-2 yrs; and
(d) smoothly finished without crack age 1-2 yrs.
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(b)
Figure 4.2. Testing Assembly on a: (a) Concrete Surface and (b) Asphalt Surface.

4.2.3.2 Base, Subbase, and Subgrade Surfaces

The coefficient of friction between the base, subbase, and subgrade surfaces with the bottom
surface of TCTBs has also been determined on a variety of surface types (Figure 4.3). The base
surface was selected at a TXDOT pavement construction site and the testing for the coefficient of
friction was performed just before the asphalt concrete was placed. The surface was compacted
with sandy gravel and stone chips. The subbase surface was also at a TXDOT construction site
which was compacted with gravel and stone chips mixed with some clayey sand. The subgrade
was a black clay soil mixed with some gravel. The testing for the coefficient of friction was
performed on a compacted, smooth, and finished subgrade surface before placing the subbase
course. Similar to pavement surfaces, the coefficient of friction between the base, subbase, and
compacted subgrade and the bottom surface of TCTBs was determined at a number of locations.
Based on texture and surface roughness, the coefficient of friction was measured to get a range of
data.

I N G
b i ;
eSS

(©
Figure 4.3. Testing Assembly on a: (a) Base, (b) Subbase and (b) Compacted Subgrade
Surface.
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4.2.4 Effect of Dry or Wet Surface

For many surfaces, the coefficient of friction changes significantly when any of the surfaces is
moistened because the thin film of water between the two surfaces acts like a lubricant and
decreases the coefficient of friction. A statistical test (pooled t-test) was conducted to understand
whether the difference between the mean coefficient of friction for dry surface and wet surface is
significant or not for each of the surfaces.

4.2.5 Effect of Dirt on Surfaces

In a construction site where TCTBs are used, the pavement surface might have some dirt on the
surface. Similarly, the presence of dirt at the bottom surface of the TCTBs is not uncommon.
Since the TxDOT specifications do not require cleaning the TCTBs before installation, the
presence of dirt in between two surfaces might have a significant effect on the coefficient of
friction. The effect on the coefficient of friction due to the presence of dirt in between the surfaces
(concrete and asphalt surfaces) has also been investigated. To simulate the extreme condition,
sand particles (dso = 0.62 mm, d;o = 0.43 mm) were added at the bottom of the heel assembly
before testing. A statistical test (pooled t-test) was conducted for both the surfaces to understand
whether the difference between the mean coefficient of friction for the surfaces without and with
dirt on the surfaces is significant or not for each of the surfaces.

4.3 STABILITY ANALYSIS OF THE TCTBS DURING EXTREME FLOOD

Stability analysis has been conducted for all four types of TCTBs. The factor of safety against
sliding and overturning during extreme flood has been determined for each of TCTBs for four
different critical conditions. In order to determine the factor of safety against sliding, a frictional
coefficient of 0.62 is assumed, which is basically the lowest field measured coefficient of friction
between the asphalt pavement surface (mostly used surface for placing TCTBs) and the bottom
surface of the TCTB measured at the field.

4.3.1 Theory of Stability

Generally, the TCTBs can fail either by sliding or by overturning due to hydraulic/hydrodynamic
pressure resulting from any flood event. Since the TCTBs are placed on rigid platform, failure is
very unlikely due to bearing capacity or settlement. The factor of safety against sliding and
overturning has been described in Section 2.4.

4.3.2 Critical Scenarios and Factors Considered for Stability Analysis

Four different scenarios of flooding are considered based on the geometry of the roadway and
flooding type to determine the factor of safety against sliding and overturning. These four
scenarios are shown in Figure 4.4. Scenario 1 represents a situation when the flood water height is
variable only at the upstream of the barrier because of the drainage pattern at the downstream. In
this situation, the water in the downstream will be drained quickly and the height of water is
assumed to be zero at downstream. Scenario 2 represents a situation when the flood water is equal
to the barrier height at the upstream and variable at the downstream because of slow drainage of
water. Scenario 3 represents a situation when the water is flowing above the TCTB, which is
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submerged under flowing flood water. Scenario 4 represents a situation when the TCTBs will face
a tidal surge for highways near the coastal area. Two different surge velocities of 5 mph and 10
mph have been used. It is assumed that the flow is acting perpendicular to the face of the barrier
to simulate the worst condition. Based on the scenarios, the hydraulic and hydrodynamic forces
working on TCTBs are analyzed to determine the factor of safety.

Along with the static water pressure caused by all the scenarios described above, the TCTBs will
face a velocity head caused by the upstream energy of the flood water. All of the four types of
TCTB have some openings to drain the water from upstream to downstream. These openings
allow the upstream flood water to pass through which creates an upstream velocity head acting on
the face of the TCTB. The rating curves that were prepared to evaluate the hydraulic performance
(shown in Chapter 3) were used to estimate the flow through the openings the upstream velocity
and downstream water height for the discharge associated with the upstream water height was
determined. Most of the cases, the velocity head was negligible. The downstream water height is
considered in calculating the pressure from downstream side and the upward buoyancy acting on
the bottom of the barriers.

4.3.3 Calculation of Factor of Safety against Sliding and Overturning

The factor of safety against sliding and overturning has been calculated considering all forces
working on a TCTB following the equation in Section 2.4. Details of the calculations (sample
calculation) to evaluate the factor of safety for all four TCTBs are shown in Appendix C. For all
the cases a cross slope of 0° and a coefficient of friction of 0.62 is considered. An Excel
Worksheet is prepared for each of the TCTBs in such a way that by changing the upstream water
height, downstream water height, upstream velocity, coefficient of friction, cross slope of the
roadway and the geometry of the TCTBs, the factor of safety against sliding and overturning can
be calculated for any combination of the above mentioned variables, which was verified by hand
calculation for at least two different situations. Then the factor of safety against sliding and
overturning is calculated for each of the TCTBs considering the four flood scenarios with variable
flooding situation.

The cross-slope is very common in roadways to facilitate drainage or to provide super elevation in
horizontal curves. If the road surface has a cross-slope, the factor of safety against sliding and
overturning will be affected. A parametric study is performed considering the different cross
slopes of the roadway such as 0°, 3°, 5°, and 8°. The cross-slope is always considered outward
with respect to water pressure. Parametric study is also performed considering the coefficient of
friction for different pavement surfaces.
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Figure 4.4. Different Scenarios: (a) Scenario 1, (b) Scenario 2, (¢) Scenario 3, and (d)
Scenario 4.
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4.3.4 Results for the Determination of Coefficient of Friction
4.3.4.1 Validation of the Method

To understand the effect of different bearing stresses on coefficient of friction, the coefficient of
friction for concrete and asphalt surfaces were measured first with the standard stress level (1 psi)
and then with a bearing stress of 2 psi. The coefficient of friction for concrete surface varies from
0.69 to 0.77 (Table 4.2) for the higher stress level and from 0.78 to 0.98 for standard stress level.
Similarly, the coefficient of friction for asphalt surface varies from 0.61 to 0.69 for higher stress
level and from 0.62 to 0.76 for standard stress level.

At the microscopic level, the surface of any solid, no matter how polished, is quite rough. Two
mating surfaces are in contact only on the tips of the asperities (Blau, 1996). When two solid
surfaces are brought together the area of contact area is actually extremely small compared to the
apparent area of contact. A higher bearing stress level might destroy some of the microstructures
and make the surface smoother, which might be the reason for the lower coefficient of friction at
higher stress level.

Table 4.2. Coefficient of Friction between Pavement Surfaces and TCTB at Different
Bearing Stress.

Coefficient of Friction
Pavement Surface Characteristics Condition Stand.ard ngl!er
Type (dry/wet) Bearing Bearing
Stress (1 psi) | Stress (2 psi)
. dry 0.98 0.77
Rough finish, age > 10 yrs s 0.89 0.77
. . dry 0.90 0.71
Concrete | >cmi-Rough finish, age 5-10 yrs wet 0.87 0.76
Pavement . dry 0.79 0.75
Smooth finish, age 5-10 yrs wet 0.78 0.75
. dry 0.85 0.71
Smooth finish, age 2-3 yrs wet 0.81 0.69
. . dry 0.76 0.68
Rough finish with crack, age 5 yrs wet 0.72 0.69
: . dry 0.70 0.61
Asphalt Rough finish without crack, age 5 yrs wet 0.62 0.66
Pavement . . dry 0.72 0.61
Smooth finish with crack, age 1-2 yrs wet 0.68 0.62
: : dry 0.73 0.62
Smooth finish without crack, age 1-2 yrs wel 0.70 0.71

Statistical test (pooled t-test with o = 0.05) showed that, in our observation, for both concrete and
asphalt pavement, there is a significant difference between the mean coefficient of friction
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determined with standard stress level (1 psi) and with a higher stress level (2 psi) (P = 0.0004 for
concrete and P = 0.0293 for asphalt surface).

In order to address the issue of the variation of the coefficient of friction with bearing stress, four
different common pavement surfaces are chosen to determine the coefficient of friction at different
stress levels. The variation of the coefficient of friction with bearing stress is shown in Figure 4.5.
The coefficient of friction decreases approximately 18-22% when the bearing stress increases from
1.0 psi to 2.0 psi and then remains unchanged for the concrete surface. For the asphalt surface, the
coefficient of friction decreases approximately 22-23% when the bearing stress increases from 1.0
psi to 2.0 psi and then decreases slowly.

1-0 i ] T T T T T T T T T T T | T T T T I T T T T |
I - -—— Smooth concrete surface ]
c 09 L . | Rough concrete surface | _]
2 i Asphalt surface no crack ]
2 S N et Asphalt surface with crack|
LL o 4
= i 4
(O] - 4
© I J
& 070 - —
() = .
[e) | i
O - -
0.60 | ]
0.50 i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]

1 1.5 2 2.5 3 35

Bearing Stress (psi)

Figure 4.5. Variation of the Coefficient of Friction with Different Bearing Stresses for
Concrete and Asphalt Surfaces.
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4.3.4.2 Coefficient of Friction for Concrete and Asphalt Surfaces

The coefficient of friction between the pavement surfaces (concrete and asphalt) and the bottom
surface of TCTBs are shown in Table 4.3. The coefficient of friction between the concrete surface
and the bottom surface of TCTB varies from 0.78 to 0.98. Similarly, the coefficient of friction
between the asphalt surface and the bottom surface of TCTB varies from 0.62 to 0.76.

4.3.4.3 Coefficient of Friction for Base, Subbase, and Subgrade Surfaces

The coefficient of friction between the bottom surface of the TCTB and the base, subbase, and
sugrade surfaces are shown in Table 4.4. The coefficient of friction between the bottom surface of
the TCTB and the base surface varies between 0.54 and 0.75. Similarly, the coefficient of friction
between the bottom surfaces of the TCTBs varies between 0.50 and 0.69 for subbase, and between
0.61 and 0.88 for compacted subgrade.

Table 4.3. Coefficient of Friction between Pavement Surfaces and TCTBs.

Pavement Surface Characteristics Condition Coefficient
Type (dry/wet) of Friction
Rough finish, age > 10 yrs Svlzt ggg
Concrete Semi-Rough finish, age 5-10 yrs SVZ[ ggg
Pavement Smooth finish, age 5-10 yrs SVZ[ 8;3
Smooth finish, age 2-3 yrs SVZ[ ggi
Rough finish with crack, age 5 yrs sz 8;3
Asphalt Rough finish without crack, age 5 yrs sz 82(2)
Pavement Smooth finish with crack, age 1-2 yrs sz 8Z§
Smooth finish without crack, age 1-2 yrs \cylvre}f[ 8;(3)

The coefficient of friction decreases slightly in wet condition for base surfaces, whereas, the
coefficient of friction increases in wet condition for both subbase and subgrade perhaps due to the
cohesive nature of the materials because the subbase and subgrade have some clayey particles.
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4.3.4.4 Effect of Dry or Wet Surface

A statistical (pooled t-test) test was conducted to understand whether the difference between the
mean coefficient of friction for dry surface and wet surface is significant for each of the surfaces or
not. The pooled t-test was conducted assuming a significance level, a = 0.05. This test requires
that the samples should be independent and collected from a population of normal distribution, and
the variances of the population should be equal. The results of the pooled t-tests are shown with a
P-value for each of the surfaces in Table 4.5. The P-value for each surface with dry and wet
conditions is greater than the significance level of 0.05 for all types of surfaces (i.e., concrete,
asphalt, base, subbase, and subgrade), which suggests that there is no significant difference
between the mean coefficient of friction for dry and wet surfaces for all types of pavement.

Table 4.4. Coefficient of Friction for the Base, Subbase, and Subgrade with the TCTBs.

Pavement Test Location Condition Coefficient of
Component (dry/wet) Friction
Base . dry 0.75
Location 1 wot 0.74
) dry 0.68
Location 2 wot 0.61
) dry 0.66
Location 3 wot 0.57
) dry 0.65
Location 4 wot 0.54
Subbase Location 1 dry 0.56
wet 0.62
. dry 0.64
Location 2 wot 0.69
. dry 0.50
Location 3 wet 0.56
. dry 0.50
Location 4 wet 0.56
Subgrade Location 1 dry 0.70
wet 0.65
. dry 0.61
Location 2 wol 0.66
) dry 0.68
Location 3 wol 0.88
. dry 0.67
Location 4 wet 0.71

4.3.4.5 Effect of Dirt on Surfaces
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The coefficient of friction between the bottom surface of the TCTBs and the pavement surfaces
after adding some dirt (sand) at the bottom of testing block are shown in Table 4.6 along with the
coefficient of friction without any dirt. It shows that the coefficient of friction decreases
significantly due to the presence of dirt in between two frictional surfaces. It was also observed
that the decrease of the coefficient of friction is higher in smooth surface compared to that of the
rough surface. The coefficient of friction varies from 0.34 to 0.61 for concrete surface and from
0.40 to 0.60 for asphalt surface when dirt was added.

Statistical test (pooled t-test) with a significance level o = 0.05 shows that the decrease in
coefficient of friction due to the presence of dirt in between two surfaces is significant for both
concrete (P =0.0001) and asphalt (P = 0.0001) surfaces.

Table 4.5. Statistical Analysis for the Mean Coefficient of Friction (o = 0.05).

Pavement Mean Coefficient of Friction P-value Significant
Surface (standard deviation) (Pooled t-test) | Difference?
Dry Wet
Concrete 0.88 0.84
(0.08) (0.05) 0.4070 No
Asphalt 0.73 0.68
(0.03) (0.04) 0.1057 No
Base 0.69 0.62
(0.05) (0.09) 0.2070 No
Subbase 0.55 0.60
(0.07) (0.06) 0.2518 No
Subgrade 0.67 0.73
(0.04) (0.11) 0-3300 No

4.3.5 Stability Analysis of the TCTBs during Extreme Flood

The stability of TCTBs against sliding and overturning during extreme flood is expressed in terms
of factor of safety. Factor of safety higher than 1 means the TCTB is stable in that particular
situation. Similarly, factor of safety less than 1 means the TCTB is unstable in that particular
situation.

Table 4.6. Effect of the Presence of Dirt in between Two Surfaces.

Pavement . . Condition | Coefficient of Friction
Surface Characteristics
Type (dry/wet) |Without Dirt| With Dirt

) dry 0.98 0.61
Rough finish, age > 10 yrs wet 0.89 0.53
) ) dry 0.90 0.47
Concrete Semi-Rough finish, age 5-10 yrs wet 0.87 0.43
Pavement . dry 0.79 0.37
Smooth finish, age 5-10 yrs wel 0.78 0.35
. dry 0.85 0.37
Smooth finish, age 2-3 yrs wel 0.81 0.34
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Rough finish with crack, age 5 yrs sz 8;3 822
Asphalt Rough finish without crack, age 5 yrs Svlg[ ggg ggg
Pavement Smooth finish with crack, age 1-2 yrs \?VZ ggé 832
Smooth finish without crack, age 1-2 yrs \?VZ 8;(3) 828

Factor of safety against sliding and overturning is calculated assuming the cross slope of the
highway is 0° and the coefficient of friction is 0.62, which is basically the lowest coefficient of
friction between the asphalt pavement surface (mostly used surface for placing TCTBs) and the
bottom surface of TCTBs found during our field measurement.

4.3.5.1 Single Slope Concrete Barrier (SSCB)

Stability of SSCB against sliding and overturning during extreme flood is shown in terms of factor
of safety against sliding and overturning for flood scenarios 1, 2, 3, and 4 in Figures 4.6, 4.7, 4.8,
and 4.9, respectively. Figure 4.6 represents the factor of safety against sliding and overturning for
flood scenario 1 and shows that the factor of safety against sliding (Figure 4.6a) becomes less than
1 when the upstream water height is more than 39 in. and the factor of safety against overturning is
more than 1 when the upstream water height equals to the barrier height. Thus, the SSCB is stable
as long as the upstream water height is less than 39 in. for flood scenario 1.

Figure 4.7 represents the flood scenario 2, which shows that the factor of safety against sliding
becomes less than 1 when the downstream water height is less than 23 in. When the downstream
water height is more than 23 in. then the pressure from both sides makes it stable. The factor of
safety against overturning is always more than 1. Thus, the SSCB is stable when the upstream
water height is equal to the height of the barrier and the downstream water height is at least 23 in.

Figure 4.8 shows that the factor of safety against sliding and overturning becomes less than 1 when
the barrier is submerged under water with flowing flood water from upstream (flood scenario 3).
Thus, the SSCB is unstable with respect to sliding and overturning for flood scenario 3.

Figure 4.9 represents the factor of safety against sliding and overturning for flood scenario 4 when
the tidal surge is coming toward the TCTBs in coastal area. The factor of safety against sliding
becomes less than 1 when the surge water height is higher than 32 in. and the surge velocity is

5 mph. Similarly, it becomes less than 1 when the surge water height is higher than 19 in. and the
surge velocity is 10 mph. The factor of safety against overturning becomes less than 1 when the
surge water height is higher than 37 in. and the surge velocity is 5 mph, but it becomes less than 1
when the surge water height is higher than 28 in. and the surge velocity is 10 mph. Thus, the
SSCB is stable when the surge water height is less than 32 in. and the surge velocity is 5 mph or
when the surge water height is less than 19 in. and the surge velocity is 10 mph.
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Figure 4.8.
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Figure 4.9.
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4.3.5.2 F-Shaped Concrete Safety Barrier (CSB)

The stability of CSB against sliding and overturning during extreme flood is expressed in terms of
factor of safety for flood scenarios 1, 2, 3, and 4, and are shown in Figures 4.10, 4.11, 4.12, and
4.13, respectively.

Figure 4.10 represents the factor of safety against sliding and overturning for flood scenario 1 and
shows that the factor of safety against sliding (Figure 4.10a) is more than 1 even when the
upstream water height is equal to the height of the barrier (33 in.) and the factor of safety against
overturning is more than 1 even the upstream water height equals to the barrier height. Thus, the
CSB is stable until the upstream water height is greater than 32 in. for flood scenario 1.

Figure 4.11 represents the flood scenario 2, which shows that the factor of safety against sliding
becomes less than 1 when the downstream water height is less than 15 in. When the downstream
water height is more than 15 in. then the pressure from both sides makes it stable. The factor of
safety against overturning decreases as the downstream water increases up to a height of 14 in.
where the slope changes for the CSB and then increases as the downstream water height is
increased above 14 in. However, the factor of safety against overturning is always more than 1.
Thus, the CSB is stable when the upstream water height is equal to the height of the barrier and the
downstream water height is at least 15 in.

Figure 4.12 shows that the factor of safety against sliding becomes less than 1 as soon as the CSB
is submerged under the flowing flood water from upstream. However, the factor of safety against
overturning becomes less than 1 when the barrier is submerged under water with upstream water
height at least 40 in. Thus, the CSB is unstable with respect to sliding and overturning for flood
scenario 3.

Figure 4.13 represents the factor of safety against sliding and overturning for flood scenario 4
when the tidal surge is coming toward the TCTBs in coastal region. The factor of safety against
sliding becomes less than 1 when the surge water height is higher than 24 in. and the surge velocity
is 5 mph. Similarly, it becomes less than 1 when the surge water height is higher than 12 in. and
the surge velocity is 10 mph. The factor of safety against overturning becomes less than 1 when
the surge water height is just equal to the barrier height and the surge velocity is 5 mph or it
becomes less than 1 when the surge water height is higher than 23 in. and the surge velocity is 10
mph. Thus, the CSB is stable when the surge water height is less than 24 in. and the surge velocity
is 5 mph or when the surge water height is less than 12 in. and the surge velocity is 10 mph.
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4.3.5.3 Modified Single Slope Concrete Barrier (MSSCB)

The stability of MSSCB against sliding and overturning during extreme flood is expressed in terms
of factor of safety for flood scenarios 1, 2, 3, and 4, and are shown in Figures 4.14, 4.15, 4.16, and
4.17, respectively.

Figure 4.14 represents the factor of safety against sliding and overturning for flood scenario 1 and
shows that the factor of safety against sliding and overturning are more than 1 up to the upstream
water height equal to the barrier height. Thus, the MSSCB is stable for flood scenario 1.

Figure 4.15 represents the flood scenario 2, which shows that the factor of safety against sliding
and overturning drops suddenly as soon as the water in downstream touches the top surface of the
openings when the buoyancy force starts working. The factor of safety against sliding becomes
less than 1 when the downstream water height varies between 5 in. and 9 in. or between 12 in. and
20 in. The factor of safety against overturning is always more than 1 for flood scenario 2. For a
practical consideration, the MSSCB is stable when the downstream water height is higher than

20 in. for flood scenario 2.

Figure 4.16 shows that the factor of safety against sliding becomes less than 1 as soon as the CSB
is submerged under the flowing flood water from upstream. However, the factor of safety against
overturning becomes less than 1 when the barrier is submerged under water with upstream water
height at least 40 in.

Figure 4.16 shows that the factor of safety against sliding and overturning are always less than 1
when the MSSCB is submerged under water with flowing flood water from upstream. Thus, the
MSSCB is unstable with respect to sliding and overturning for flood scenario 3.

Figure 4.17 represents the factor of safety against sliding and overturning for flood scenario 4
when the tidal surge is coming toward the TCTBs in coastal region. The factor of safety against
sliding becomes less than 1 when the surge water height is higher than 34 in. and the surge velocity
is 5 mph. Similarly, it becomes less than 1 when the surge water height is higher than 21 in. and
the surge velocity is 10 mph. The factor of safety against overturning becomes less than 1 when
the surge water height is 37 in. and the surge velocity is 5 mph or it becomes less than 1 when the
surge water height is higher than 28 in. and the surge velocity is 10 mph. Thus, the MSSCB is
stable when the surge water height is less than 34 in. and the surge velocity is 5 mph or when the
surge water height is less than 21 in. and the surge velocity is 10 mph.
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4.3.5.4 Low Speed Traffic Barrier

The stability of LPCB against sliding and overturning during extreme flood is expressed in terms of
factor of safety for flood scenarios 1, 2, 3, and 4, and are shown in Figures 4.18, 4.19, 4.20, and
4.21, respectively.

Figures 4.18, 4.19, and 4.20 shows that the factor of safety against sliding and overturning are
more than 1 for flood scenarios 1, 2, and 3, respectively. Thus, the LPCB is stable for flood
scenarios 1, 2, and 3.

Figure 4.21 represents the factor of safety against sliding and overturning for flood scenario 4
when the tidal surge is coming toward the TCTBs in coastal region. The factor of safety against
sliding and overturning is always higher than 1 even when the surge water height is equal to the
height of the barrier and surge water velocity is 5 mph. However, the factor of safety against
sliding becomes less than 1 only when the surge water height is higher than 13 in. and the surge
velocity is 10 mph. The factor of safety against overturning is always higher than 1.
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CHAPTER 5: MODELING OF TCTBS USING HEC-RAS
5.1 INTRODUCTION

When designing highway drainage structures such as culverts and bridges, the hydraulic modeling
software HEC-RAS (Hydrologic Engineering Center-River Analysis System) is often used in order
to determine the water elevation that will result for various flows. Currently, if the water elevation
overtops the roadway, the program can be set to calculate the flow using the pressure/weir
method. In this calculation, the standard broad crested weir equation is used with a recommended
value of 2.6 for the weir coefficient. However, when an obstruction such as a Temporary Concrete
Traffic Barrier (TCTB) is placed on the roadway this coefficient will no longer will be applicable to
describe that flow, because the barrier will act as an obstruction and will cause the upstream energy
to increase compared to what would be calculated using the suggested weir coefficient. In order to
model the effect that placing a barrier on the roadway will have, the weir coefficient can be
modified to match an experimentally derived rating curve for the barrier that is going to be used.
This section will explore how this can be accomplished by using two steady state example
problems in HEC-RAS and the Concrete Safety Barrier (CSB (1)-04).

5.2 HYDRAULIC RATING CURVE

For the examples demonstrated in this chapter the CSB was selected as the barrier to be analyzed.
The rating curve for this barrier has been reproduced below in Figure 5.1.

This rating curve is non-dimensional because it was developed using a half scale model of the
barrier, and the parameters needed to be non-dimensional in order to relate the model to the actual
barrier. This however, is also advantageous for modeling in HEC-RAS, because the non-
dimensional form allows for the easy calculation of the flow rate and energy upstream for varying
widths of barriers by simply inserting the known values.

5.3 HEC-RAS EXAMPLES

Several example problems are included when HEC-RAS Version 4.0 is downloaded from the
United States Army Corps of Engineers website http://www.hec.usace.army.mil/software/hec-ras/.
The two examples that this report will be using are the Single Bridge-Example 2 and ConSpan
Culvert Example, which may be found by searching the default project folder where HEC-RAS
data is stored. In the Single Bridge-Example 2 simulation a simpler procedure by which a flat
roadway surface will be evaluated, and in the ConSpan Culvert Example a procedure will be
developed by which barrier placement on a sloped roadway can be modeled. A sample screenshot
showing the two examples is show below in Figure 5.2.
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Figure 5.2. HEC-RAS Open Project Screenshot.
5.4 HEC-RAS SINGLE BRIDGE-EXAMPLE 2

In the HEC-RAS Single Bridge-Example 2, a bridge with a level deck is used to show how a
horizontal roadway surface might be modeled. The procedure was developed as part of TxDOT
Research Project 0-5492 presented by Charbeneau et al. (2008). The procedure that this report
uses for this example, however, can also be used to model the flow through a culvert with a
horizontal roadway surface, because when modeling both structures the pressure/weir method is
utilized. Furthermore, an iterative approach is necessary to solve this problem because as the weir
coefficient changes so will the weir flow rate.
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In the procedure developed by Charbeneau et al. (2008) the non-dimensional rating curve will be
used to determine the dimensional weir coefficient used in HEC-RAS. In order to do this the
general weir equation, Equation 5.1, can be transformed into a non-dimensional form,

Equation 5.2. In Equation 5.1 (Q) is the flow rate over the weir, (C) is the dimensional weir
coefficient, (L) is the length of the weir and (H) is the height over the weir. In Equation 5.2 the
general equation has been algebraically transformed to be in terms of the non-dimensional flow rate
and non-dimensional energy used in the rating curve and (C,) has been given the subscript w to
denote that it is the non-dimensional coefficient. Furthermore, the energy upstream of the barrier
(ey), which is the total energy minus the elevation of the deck, has been substituted for (H).

Q=CLH*® (5.1)
< __¢ (g—“)l'a (5.2)

Where h; is the height of the barrier minus the elevation of the deck as shown in Figure 3.2. By
comparing the two equations it is possible to see that the relationship between the non-dimensional
and dimensional coefficients is the square root of gravity. This relationship is shown below in
Equation 5.3.

C=C,/g (5.3)

In the report by Charbeneau et al. (2008) the following procedure is outlined to solve the Single
Bridge-Example 2 problem:

1. Run HEC-RAS with default weir coefficient C = 2.6 ft*°/s (1.44 m”*/s), and obtain the
flow rate over bridge deck (weir flow, Qyeir, provided by RAS).

2. Non-dimensionalize Qi with length of bridge crest (L provided by RAS as difference
between left and right weir stations) and barrier height, h,, using barrier of interest in the

form of ,Q— .
I-..,‘IIEhra

3. Obtain dimensionless upstream specific energy for given dimensionless weir flow rate using
rating curve from Figure 5.1. (Note: This can also be done by using the Enon Visual Basic
script included in the Appendix)

4. Determine dimensionless weir coefficient, Cw, using Equation 5.2.

5. Determine dimensional RAS weir coefficient, C, using Equation 5.3.
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6. Re-run HEC-RAS with new weir coefficient C.

7. Repeat steps 1 through 6 until RAS weir coefficient converges, typically within one percent
relative error from the previous iteration.

The first step in this procedure is to run a steady flow simulation in HEC-RAS using a weir
coefficient of 2.6. Once this is accomplished, the Bridge Output screen (Figure 5.3) can be opened
and the required values ascertained. For this analysis, the values that are needed are: Qy.ir, Weir
Sta Lt, and Weir Sta Rt.

E Bridge Output - — =R =X
File Type Options Help _l
River: |Ee~aver Creek ﬂ Profile:

Reach [Kentwood ~|Rs: |54 v| 8| ] Plan [Presshwei M |
Flar: Press/w'eil M Beawver Creek.  Kentwood FBS: 5.4 Profile: May 74 food
E.G. US. [k 217.68 | Elemeant Inzide BR US Inzide BR DS
WS, S, (i) 217.32 | EG. Elew [ft) 217,68 217.68
[ 1400000 | W.5. Elev [it]) 217.32 217.32
/T Bridge [cfs) N\ 10941.85 | Crit w5, (i) 212,51 21251 |
\0 Weir [cfs] ] I058.45 | Max Chl Dpth (i) 14.62 14,62
i 0.00 | Yel Total [ft/s] 4,69 4,72
‘Weir Sta Rt [1t] 1848.12 | Flow &rea [sq i) 2985 B0 2968.37
‘Weir Submerg 0.00 | Frowde & Chl 0,28 022 |
Wieir Max Depth (i) 0.¥5 | Specif Forze [icu ft) 14109.07 1410912
Min E1'weir Flow [ft] 216.94 | Hydr Depth [it] 162 163
bdin E Prs (i) 21570 | WP Total (i) 2395.60 23739 |
I | Deka EG (1] 1.48 | Caonv. Total [cfs]
Dielia WS [it) 1.68 | TopWwidth [ 184607 1824.00 I
BR Open Afes [0 i) 160026 | Fretn Loz (1)
BE Opan Vel [ft/=] 624 | CHE Loss )
Coef of Shear Total (Ib/zg ft)
BrSel Method Presz/ weir | Power Total [Ib/f =)

Figure 5.3. HEC-RAS Bridge Output.

The critical values for subsequent iterations are shown in Table 5.1. With these values, Steps 1 and
2 can be accomplished. For the example analysis done in this report, Step 3 was then completed by
using the Enon function in Excel (as shown in Appendix D) to calculate the non-dimensional
energy predicted by the rating curve (value = 1.209). Now that the non-dimensional energy and
non-dimensional flow rate have been calculated, Equations 5.2 and 5.3 can be used to calculate a
new value for the HEC-RAS weir coefficient of 0.272. Table 5.2 below shows the results of this
procedure for the seven iterations necessary in order for the weir coefficient to converge. By
comparing the upstream energy (e,) in the last iteration to that computed in the initial HEC-RAS
run with a weir coefficient of 2.6, it is possible to conclude that placing the barrier on the bridge
surface will result in an increase of energy of 2.26 ft and a corresponding decrease of 1811.02 cfs
in the weir flow rate.
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Table 5.1. HEC-RAS Initial Summary.

Parameters Input Value
C 2.6
High Chord (ft) 216.93
U.S. E, (ft) 217.68
U.S. e, (ft) 0.75
Qyeir (cfS) 3058.45
h, (ft) 2.75
L (ft) 1848.12
Table 5.2. Single Bridge-Example 7 Iterations.
Step Parameters Iterations
1 2 3 4 5 6 7
(Step 1) | Queir (cfs) 3058.5 | 1767.0 | 1446.9 | 1329.5 1283.5 1258.4 | 12474
L (ft) 1848.1 1849.2 | 1849.4 | 1849.5 1849.5 1849.6 | 1849.6
(Step2) | Q/L(gh)™® | 0.064 0.037 0.030 0.028 0.027 0.026 0.026
(Step 3) e./h, 1.209 1.131 1.108 1.099 1.096 1.093 1.093
e, (ft) 3.325 3.111 3.047 3.023 3.013 3.007 3.006
(Step 4) C, 0.048 0.031 0.026 0.024 0.023 0.023 0.023
(Step 5) | C (ft"%/s) 0.272 0.174 0.147 0.137 0.133 0.130 0.129

The final weir coefficient C = 0.129 ft**/s will likely appear too small. Typical weir coefficient
values for use with Equation 5.1 range from 2.5 to 3.1 (US Customary units), with the HEC-RAS
default value C = 2.6. The apparent difficulty lies primarily with choice of datum. Standard
application of HEC-RAS would take the top of the rail or barrier as the upper chord of the bridge.
For this example with 4, = 2.75 ft, the high chord would be 216.93 + 2.75 =219.68 ft. The head
on this high chord corresponding to the final e, value is H = e, — h, = 0.256 ft. With the default
weir coefficient, this standard application would give a weir discharge Q... = C L H 15=2.6 % 1850
x (0.256)"° = 620 cfs, which is approximately half the magnitude calculated in this example. In
order for a standard application of HEC-RAS to provide the results presented herein, a weir
coefficient value C = Q,,.;,/[L H ] = 5.21 would need to be used, which is significantly larger than
the expected range of values. Based on this discussion it is concluded that a standard application

of HEC-RAS will predict a larger upstream headwater (when typical weir coefficient values are
used).

5.5 HEC-RAS CONSPAN CULVERT EXAMPLE

In this section, the procedure for solving the weir coefficient necessary to simulate placement of
the CSB (1)-04 TCTB in the Single ConSpan Culvert Example will be presented. The main
difference between this and the previous example is that the roadway is not flat and energy over the
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roadway is used to determine flow rate, rather than using the weir flow rate to determine the
energy Similar to the Single Bridge-Example 2 procedure, this example uses an iterative approach
in order to balance the flow rate and water elevation calculated in HEC-RAS with the values that
are obtained using the data from the rating curve.

5.5.1 HEC-RAS Example Modifications

In the ConSpan Culvert Example a single barrel Conspan arched pipe is used to transmit water
from one side of the roadway to the other. One modification is necessary to this example problem
to ensure that weir flow is developed. The example problem comes preloaded with flow data
corresponding to the 5, 10, 25, and 50 year floods. The greatest flow rate, which is 1000 cfs (50
year flood) does not result in water overtopping the roadway. For the example presented in this
report, a value of 2000 cfs was entered to make it more obvious that the water level to rise above
the height of the roadway. An example screenshot of the modifications to the steady state flow
data is shown in Figure 5.4.

<. Steady Flow Data - Multiple Pipe Flow nm_'“ " By ] e

File Options Helg — - - —

Entee /S dit Mumber of Frafiles [25000 maxl. |4 Reach Bourdary Condlions . | cop Das |
Locations af Flow Dats Charoges
River. |Spirg Creak | Add Mubiple.., |

Reach: |Culit Reach _+| Rivei51a: 20535 "l Add & Flow Changs Locaton I

Cubit Aeach

Figure 5.4. HEC-RAS Example Flow Alteration.
5.5.2 ConSpan Culvert Procedure

As stated earlier, in order to solve for the weir coefficient that describes the flow over a roadway
with barriers, an iterative procedure must be used. The first step in this procedure is to obtain the
flow rate over the roadway as if the barrier were not there. This is done by performing a steady
flow simulation in HEC-RAS with the weir coefficient initially set to the recommended value of 2.6
(Note: This should be the default value already entered in the Conspan example). After this
analysis is completed, the culvert output table can be opened and the values needed for the
subsequent calculations can be garnered. The culvert output for this analysis is presented below as
Figure 5.5. The values that are of most importance in this table are: weir flow (Q Weir), the left
and right limits of the weir flow (Weir Sta Lft/Rgt), and upstream energy (U.S. E.G.).
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ﬂ Culvert Output

File Type Options Help |
Fiiver. |Spring Cresk | Protile: [EX -] [cul Group: Cubvertitl +|
Reach [Culvit Reach ~|Rs: [zoz37 ~| #| ] Pan. [ConSpan |
Spring Creek, Cubert Beach BS: 200237 Cuby Group: Culvert 81 Profile: S00wr
[ Culy Group [cfs 122275 | Cube Full Lan [ft) 5000
# Barnr 1 | CubvWel US [itds] .82
arred [cfs) 122875 | CubeVel DS [it/s) 582
\ CGEEATT 3EEE | Cubw Inw El Up (1Y) 2510
ey e 3550 | Culy lnw EI D [FE) 2500
E.G. DS (i) 3385 | Culy Fredm Lz () 0.23
WS, DS (i) 3355 | Culw Exit Loss (/] 044
Deka EG [ft] 1.77 | Cubw Enty Loss [ft &0
Deka ‘W (it) 1.95 | Doen (cis) — 771.25
E.G. IC (k) 3472 (Wwew Sta LFE (i) 876.84
EG OC (i) 3665 | Nyfen Sta Figt (1] 109250
Cubwert Contral Cluthet | “wWen oo
Cushe WS Irlet [ft] 3110 | Weir Max Depth [it) 1.96
Cule W5 Outlat (1] 21.00 | “Wen fuwg Depth (1] 118
Cute Mml Cepth [ft] "W Flows Avea [2q It 25608
Cuby Cit Depah (i) 386 | Min El'weir Flow [ft] 2371

Figure 5.5. ConSpan Culvert Output (C=2.6).

With these numbers it is then possible to perform the first iteration. In order to do this we must
first approximate the roadway as a series of horizontal crested weirs. This is because the equation
that describes the flow over a weir is based on flow over a horizontal surface; however, the
roadway is sloped. For this example problem the roadway was broken into 5 equal length weirs,
with outside of the outmost left and right weirs placed at the Weir Sta Lft and Weir Sta Rgt
locations. Furthermore, the elevation of each weir approximation was taken to be the average of
the left and right roadway elevations of each weir segment. Figure 5.6 below, shows the roadway
cross-section, the weir approximation and the U.S. E.G. for the first analysis with the Weir
Coefficient (C) equal to 2.6. Now that the roadway has been approximated as a set of horizontal
welirs.
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Figure 5.6. Weir Approximations.

An example of this calculation done in Excel is shown below in Table 5.3. The values in Table 5.3
were interpolated from the roadway elevations given below. The reason that they were interpolated
was because the weir approximation left and right positions will not line up perfectly with the
elevations given. The roadway elevations given in Figure 5.6 are from this interpolation. If the
reader wants the elevations all they have to do is look at Table 5.3. The left STA, right STA, X-
Sect elev. left, and X-Sect elev. right columns give all the information needed.

The following iterative procedure can be followed in order to determine the weir coefficient value:

1. Calculate the energy (e) over each section by subtracting the i weir elevation (W.E.); from
the U.S. E.G (Column 1 Table 5.3).

2. The next calculation (Column 2 Table 5.3) is then to convert this energy to the non-
dimensional form used in the rating curve by simply dividing by the height of the barrier

(hy).

3. With the non-dimensional energy over each weir and the rating curve, it is then possible to
find the non-dimensional flow (Column 3 Table 5.3) over each weir (Note: This can be
done by simply interpolating from Figure 5.1 or by using the visual basic script provided in
the Appendix D).

4. Next, the flow rate (Column 4 Table 5.3) over each weir segment can be calculated by
simply solving for the actual flow rate (Q) through substituting the height of the barrier (h;)
into the non-dimensional equation. Since Qnon = Q/(L*(gh,"3).5), it is possible to
rearrange this equation to solve for Q.

5. Furthermore, a dimensional weir coefficient (Column 5 Table 5.3) can be calculated for
each weir segment by rearranging the weir equation (Q=CLH'”, where H equals the energy
(ei) over the weir).

6. Finally, the value of the weir coefficient for the next iteration can be calculated by taking
the average of the coefficients for each weir approximation.
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It should be noted that the total weir flow rate (summation of column 4) is equal to 31.78 cfs, and
that this value is less than 771.25 cfs, which was reported by HEC-RAS. The purpose of the
subsequent iterations will be to determine a weir coefficient that accurately models the flow past
the barrier based on the rating curve with a flow rate equal to the weir flow rate calculated in
HEC-RAS.

In Table 5.3, the X-SECT Elev. LT is different from the X-SECT Elev. RT because X-SECT Elev.
LT is the elevation of the roadway surface at the same x-sect distance as the left side of the ith weir
approximation and X-SECT Elev. RT is the roadway surface elevation at the same x-sect distance
as the right side of the ith weir approximation. These values were used in order to get the average
elevation of each weir approximation.

Table 5.3. ConSpan Calculations in Excel (1* Iteration).
@ | @ 3) @ | O

X-SECT

Left | Right | Elev. | Elev. | Avg.
Length| STA | STA | LT RT | Elev.| e e/h, | Qnon | Q C
f® | @ | @ | @ | A | | @R (cfs) |(f™)s)
L, | 433 | 876.8 | 920.2 | 35.67 | 34.80 |35.24| 0.41 | 0.151 | 0.003 | 3.18 | 0.274
L, | 433 |920.2 | 963.5 | 34.80 | 33.85 |34.33| 1.33 | 0.482 | 0.007 | 7.47 | 0.113
L; | 433 | 963.5 |1006.8| 33.85 | 33.80 {33.83| 1.83 | 0.664 | 0.008 | 8.99 | 0.084
L, | 43.3 |1006.8]1050.2| 33.80 | 34.50 {34.15| 1.50 | 0.545 | 0.007 | 8.04 | 0.101
Ls | 433 [1050.2]1093.5| 34.50 | 35.70 {35.10| 0.55 | 0.200 | 0.004 | 4.11 | 0.232
Average C = 0.161
Q Total = 31.78

5.5.3 ConSpan Second Iteration

The procedure for the second iteration is the same as what was done in the first iteration with the
exception that the weir coefficient used in HEC-RAS should now be set equal to 0.161. If this
value is used, a culvert output similar to Figure 5.7 will be obtained. Using these values and the
procedure employed in the first iteration, a new weir coefficient value of 0.265 should then be
attained along with a total flow rate of 515.14 cfs. An example of the calculations completed for
the second iteration is shown below in Table 5.4.
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E Culvert Output

=S

File Type Options Help
Rirver: |5|:uring Creek ﬂ Frofile: |5EI Wr ﬂ |Eu|v Group: Culvert # 1 LI
Reach ||:u|'-.-'rt Reach ﬂ RS: |2D.23?’ j ﬂ ﬂ Flan: IEDnSpan LI
Plarn: ConSpa Culvrt Beach RS: 20237 Culv Group: Culvert # 1 Profile: 50 yr
0 Culy Group [cfz] 1753.79 | Culy Full Len [ft] a0.00
# Banels 1 | Cule Vel IS [ftdz] 1263
[ Barrel [cfsz) 1758.79 | Culy Vel DS [ftis] 1263
E.G.US. [ft] 37.85 | Culv Inw EIUp [ft]) 2510
Wi 5 1S (i) 3773 | Culy I EI D [ft]) 25,00
E.G. D5 [f) 33.88 | Culv Frctn Le [f) 058
Wi 5. DS () 3355 | Culv Exit Loss [ft] 215
Delka EG [ft) 296 | Culv Entr Lozss [ft] 1.24
Delka 'S [ft) 4.23 | O wieir [cfg) 241 .22
E.G.IC[ft) 3573 | Weir Sta Lt [ft) 85600
E.G. OC [f) 37.85 | “Weir Sta Fgt (i) 1150.00
Culbwert Control Outlet | Wer Submerg 0.00
Cule W'S Inlet [ft] 2.0 | wheir Max Depth [ft] 414
Cuilse 'S Ouitlet [Ft] 21.00 | wheir deeg Depth [ft] 283
Cule Mol Depth [ft] “Wheir Flow Area [zq ft) 24357
Culw Crt Diepth [ft] 4.77 | Min El'w eir Flaw [ft] 3371
Figure 5.7. ConSpan Culvert OQutput 2 (C=0.161).
Table 5.4. ConSpan Calculations in Excel (2" Iteration).
A | @ 3) 4) )
X- | X-
SECT | SECT
Left | Right | Elev. | Elev. | Avg.
Length) STA | STA LT RT | Elev. € ei/h, | Qnon Q C
| @® |t | @ | @& | @ | @) | (J ) (cfs) | (ft*/s)
L, 58.8 856.0 914.8] 36.10 | 34.80 |3545| 2.4 0.87 | 0.009 | 14.21| 0.065
L, 58.8 914.8| 973.6| 34.80 | 33.90 |34.35| 3.5 1.27 | 0.090 | 136.65| 0.355
L; 58.8 973.6| 1032.4| 33.90 | 33.70 |33.80| 4.1 1.47 | 0.191 | 290.89| 0.607
L4 58.8 [1032.4|1091.2] 33.70 | 35.70 |34.70| 3.2 1.15 | 0.041 | 62.91| 0.191
Ls 58.8 |1091.2|11150.0| 35.70 | 37.20 |36.45| 1.4 0.51 | 0.007 | 10.47| 0.108

5.5.4 ConSpan Results

Average C= 0.265

Q Total =

515.14

A graph of the results of the first four iterations is presented below in Figure 5.8. After four

iterations it can be seen that a solution converges around a weir coefficient value of 0.246. At this
value the flow rate and water elevations developed in HEC-RAS and by the rating curve produce
similar results. The final flow rate over the roadway and the upstream energy can then be
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calculated by inserting a value of 0.246 for the weir coefficient in HEC-RAS. The result is a flow
rate of 311.07 cfs and an upstream energy at the barrier of 37.51 ft. The original flow rate
calculated without the barrier placement was 771.25, and the upstream energy was 35.65 ft. By
placing the barrier, the flow rate over the roadway will then decrease by 460.18 cfs and the
upstream energy will increase by 1.86 ft.

600
500 y=-2326.5x+881.12
¢ Q(RAS)
o L o B S S L e T N A A R A R B
k=] W O(Rating Curve)
T
= 300
E Linear (Q(RAS))
2
- 200 ———— = N 5 IS B SO R S
‘[y =788.83x+115.17 Linear (Q{Rating
s TPy
100 i ;7 ) R 4- 0799‘957 ) | Lu"’e”
0
0.150 0.200 0.250 0.300
Weir Coeficient (C)

Figure 5.8. Plot of Calculated Flow Rates vs. Weir Coefficients.
5.6 CONCLUSIONS

This chapter has shown that it is possible to modify the weir coefficient value in HEC-RAS in
order to hydraulically model the placement of a concrete traffic barrier on the roadway surface. To
do this, an iterative procedure must be used. Two example problems, the Single Bridge-Example 2
and ConSpan Culvert have been demonstrated with the Concrete Safety Barrier (CSB(1)-04) in
this report. In the Single Bridge-Example 2 procedure an increase in the upstream energy of 2.25 ft
and a decrease in the weir flow rate of 1811.02 cfs occurred as a result of barrier placement.
Furthermore, through the ConSpan example it can be seen that placing the barrier on the roadway
will result in the upstream energy increasing by 1.86 ft and the flow rate decreasing by 460.18 cfs.
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CHAPTER 6: PARAMETRIC STUDY
6.1 INTRODUCTION

The stability of TCTBs was calculated for different flood scenarios. Most of the factors that can
affect the stability were considered for the calculation for factor of safety. However, the most two
important factors that can vary in the field and might have significant effect on stability has been
used for parametric study.

6.2 PARAMETRIC STUDY
6.2.1 Parametric Study Considering Cross Slope of the Roadway

A parametric study has been performed to evaluate how the factor of safety against sliding and
overturning changes due to change in cross slope of the roadway. Cross slopes of 0°, 3°, 5°, and 8°
are considered for the parametric study for flood scenarios 1 and 2 for all of the four TCTBs. Since
most of the TCTBs are unstable for flood scenarios 3 and 4 for a cross slope of 0°, it is assumed
that they will also be unstable for higher cross slopes.

6.2.1.1 Single Slope Concrete Barrier

The effect of cross slope on factor of safety against sliding and overturning of a SSCB for flood
scenarios 1 and 2 is shown in Figures 6.1 and 6.2, respectively. Figures 6.1 and 6.2 show that the
factor of safety against sliding and overturning decreases as the cross slope increases for both the
flood scenarios. Thus, the SSCBs are more vulnerable against sliding or overturning when the cross
slope increases.

Figure 6.1 shows that the factor of safety against sliding becomes less than 1 when the upstream
water height is more than 34 in. for a cross slope 8° compared to the upstream water height is more
than 39 in. for a cross slope 0°. Thus, the SSCBs can start sliding when the upstream water height
is more than 34 in. (instead of 39 in.) when the cross slope changes from 0° to 8°. The factor of
safety against overturning decreases as the cross slope increases. However, the factor of safety
against overturning always remains more than 1 for flood scenario 1. Thus, the SSCBs are stable
when the upstream water height is less than 39 in. for a cross slope 0°, 37.5 in. for a cross slope 3°,
36 in. for a cross slope 5°, and 34 in. for a cross slope 8°.

Figure 6.2 represents the flood scenario 2, which shows that the factor of safety against sliding is
always less than 1 when the downstream water height is less than 24 in. for any cross slopes (0°-8°).
The factor of safety against overturning is always higher than 1 for a cross slope 0°, but it is only
higher than 1 when the downstream water height is more than 24 in. for cross slope of 8°.
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Figure 6.2. Effect of Cross Slope on Factor of Safety against (a) Sliding and (b) Overturning
for the SSCB for Flood Scenario 2.
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6.2.1.2 F-Shaped Concrete Safety Barrier (CSB)

The effect of cross slope on factor of safety against sliding and overturning of a CSB for flood
scenarios 1 and 2 is shown in Figures 6.3 and 6.4, respectively. Similar to SSCB, the factor of
safety of CSB against sliding and overturning decreases as the cross slope increases for both the
flood scenarios. Thus, the stability of CSB is more vulnerable against sliding or overturning when
the cross slope increases.

Figure 6.3 represents the flood scenario 1, which shows that the factor of safety against sliding is
always higher than 1 when the cross slope is 0°, but it becomes less than 1 when the upstream water
height is more than 28 in. for a cross slope 8°. Thus, the CSBs are stable for a cross slope of 0°,
but can be unstable (start sliding) when the upstream water height is more than 28 in. when the
cross slope changes from 0° to 8°. The factor of safety against overturning decreases as the cross
slope increases. However, the factor of safety against overturning always remains more than 1 for
flood scenario 1. Thus, the stability of CSB is controlled by the factor of safety against sliding and
the CSB is always stable for flood scenario 1 when the cross slope is 0°, but it can become unstable
when the cross slope changes to 8°.

Figure 6.4 represents the flood scenario 2 which shows that the factor of safety against sliding is
always less than 1 when the downstream water height is less than 15 in. for a cross slopes of 0°. As
the cross slope changes from 0° to 8°, the factor of safety against sliding remains less than 1 until
the downstream water height is less than 22 in. The factor of safety against overturning is always
higher than 1 for any cross slope (0°to 8°) for flood scenario 2. Similar to the flood scenario 1, the
stability of CSB is controlled by the factor of safety against sliding. The CSB is stable when the
downstream water height is less than 15 in. for a cross slopes of 0° or the downstream water height
is less than 22 in. for a cross slopes of 8°.
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6.2.1.3 Modified Single Slope Concrete Barrier (MSSCB)

The effect of cross slope on factor of safety against sliding and overturning of a MSSCB for flood
scenarios 1 and 2 is shown in Figures 6.5 and 6.6, respectively. Similar to SSCB and CSB, the
factor of safety against sliding and overturning of MSSCB decreases as the cross slope increases for
both the flood scenarios.

Figure 6.5 represents the flood scenario 1 which shows that the factor of safety against sliding is
always higher than 1 when the cross slope is 0°, but it becomes less than 1 when the upstream water
height is more than 36 in. for a cross slope of 8°. Thus, the MSSCBs are stable for a cross slope of
0°, but can be unstable (start sliding) when the upstream water height is more than 36 in. when the
cross slope changes from 0° to 8°. The factor of safety against overturning decreases as the cross
slope increases. However, the factor of safety against overturning always remains more than 1 for
flood scenario 1. Thus, the stability of MSSCB is controlled by the factor of safety against sliding
and the MSSCB is always stable for flood scenario 1 when the cross slope is 0°, but it can become
unstable when the cross slope changes from 0° to 8°.

Figure 6.6 represents the flood scenario 2, which shows that the factor of safety against sliding is
always less than 1 when the downstream water height is less than 20 in. for a cross slopes of 0°. As
the cross slope changes from 0° to 8°, the factor of safety against sliding remains less than 1 until
the downstream water height is less than 32 in. The factor of safety against overturning is always
higher than 1 for a cross slope of 0° for flood scenario 2. As the cross slope increases, the factor of
safety against overturning becomes less than 1.
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Figure 6.5. Factor of Safety against (a) Sliding and (b) Overturning for the MSSCB for
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Figure 6.6. Factor of Safety against (a) Sliding and (b) Overturning for the MSSCB for
Flood Scenario 2.

121



6.2.1.4 Low Speed Traffic Barrier (LPCB)

The effect of cross slope on factor of safety against sliding and overturning of a LPCB for flood
scenarios 1 and 2 are shown in Figures 6.7 and 6.8, respectively. The factor of safety against sliding
and overturning is always more than 1 for all the cross slopes 0°-8°. Thus, the LPCB is stable in all
cross slopes for flood scenarios 1 and 2.
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Figure 6.7. Factor of Safety against (a) Sliding and (b) Overturning for LPCB for Flood
Scenario 1.
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6.2.2 Parametric Study Considering Different Coefficient of Friction

A parametric study has been performed to evaluate how the factor of safety against sliding changes
with the changing coefficient of friction for different pavement surfaces. The factor of safety
against overturning does not depend on coefficient of friction. Coefficient of friction for different
surfaces, such as the asphalt surface (0.62), concrete surface (0.78), base surface (0.54), subbase
surface (0.50), and subgrade (0.61) are considered for the parametric study for the flood scenarios 1
and 2 for all four types of TCTBs. Since most of the TCTBs are unstable for flood scenarios 3 and
4, they are not included in the parametric study.

6.2.2.1 Single Slope Concrete Barrier (SSCB)

The effect of coefficient of friction on the factor of safety against sliding of a SSCB for flood
scenarios 1 and 2 are shown in Figures 6.9 and 6.10, respectively. The factor of safety against
sliding of a SSCB decreases as the coefficient of friction between the road surface and the bottom
surface of the TCTB decreases.

Figure 6.9 represents the flood scenario 1, which shows that the factor of safety against sliding for
concrete surface (u = 0.78) is always higher than 1, but the factor of safety against sliding could be
less than 1 for base or subbase surfaces since their coefficients of friction are lower compared to
concrete.

Figure 6.10 represents the flood scenario 2, which shows that the factor of safety against sliding is
always higher than 1. The factor of safety against sliding could be lower than 1 for asphalt, base,
subbase, and subgrade surfaces.

6.2.2.2 F-Shaped Concrete Barrier (CSB)

The effect of coefficient of friction on the factor of safety against sliding of a CSB for flood
scenarios 1 and 2 are shown in Figures 6.11 and 6.12, respectively. Similar to SSCB, the factor of
safety against sliding of a CSB decreases as the coefficient of friction between the road surface and
the bottom of the TCTB decreases.

Figure 6.11 represents the flood scenario 1, which shows that the factor of safety against sliding for
concrete surface (i = 0.78) is always higher than 1, but the factor of safety against sliding could be
less than 1 for base or subbase surfaces since their coefficients of friction are lower compared to
concrete.

Figure 6.12 represents the flood scenario 2 and shows that similar to SSCB, the factor of safety
against sliding for CSB always becomes less than 1 for asphalt, base, subbase and subgrade surfaces
when the downstream water height is less than 25 in. However, the factor of safety of a CSB on a
concrete surface is always stable for flood scenario 2.
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6.2.2.3 Modified Traffic Barrier (MSSCB)

The effect of coefficient of friction on the factor of safety against sliding of a MSSCB for flood
scenarios 1 and 2 are shown in Figures 6.13 and 6.14, respectively. The factor of safety against
sliding of a SSCB decreases as the coefficient of friction between the road surface and the bottom
surface of the TCTB decreases.

Figure 6.13 represents the flood scenario 1 which shows that the factor of safety against sliding for
concrete surface (u = 0.78), subgrade surface (u = 0.61), and asphalt surface (u = 0.62) is always
higher than 1, but the factor of safety against sliding could be less than 1 for base (i = 0.54) or
subbase (i = 0.50) surfaces since their coefficients of friction are lower compared to other three
surfaces.

Figure 6.14 represents the flood scenario 2, which shows that the factor of safety against sliding is
always higher than 1. The factor of safety against sliding could be lower than 1 for asphalt, base,
subbase, and subgrade surfaces.

6.2.2.4 Low Speed Traffic Barrier (LPCB)

The effect of coefficient of friction on the factor of safety against sliding of a LPCB for flood
scenarios 1 and 2 are shown in Figures 6.15 and 6.16, respectively. Similar to all other TCTBs, the
factor of safety against sliding of a LPCB decreases as the coefficient of friction between the road
surface and the bottom surface of the TCTB decreases. Figure 6.15 and 6.16 shows that the factor
of safety against sliding is always more than 1 for all the surfaces for flood scenarios 1 and 2.
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Figure 6.13. Effect of the Coefficient of Friction on the Factor of Safety against Sliding of a
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CHAPTER 7: SUMMARY AND CONCLUSIONS

7.1 PERFORMANCE OF THE TCTBS

The rating curves for four standard TCTBs, such as the SSCB, SSCB-SPL, CSB, and
LPCB were developed based on previous research presented by Charbeneau et al. (2008).
This model proved to fit the experimentally derived data quite well, but is limited to
modeling barriers in which experimental data has been obtained. This is because the model
equations contain three coefficients which can only be obtained through fitting the model to
the data.

Villemonte Model and the Empirical Model were used to simulate the submergence
condition. Both models require physical modeling in order to derive a single coefficient
term. The Villemonte Model, which is an adaptation from earlier research (Villemonte,
1947), is independent of the flow rate. The Empirical Model developed in the paper by
Charbeneau et al. (2008), however, is dependent on the flow rate. Both models have
similar accuracy, with the Villemonte Model being the easiest and most straightforward to
use. Therefore, when modeling the effect of submergence for the four barriers selected in
this research, the Villemonte Model is the clear choice to be used.

A simple change to the fraction of open space (F,) in the rating curve model equations
could be used in the modeling of a barrier with varying degrees of clogging. This is
because the F, describes the area of the drainage opening, and when the drainage opening
becomes clogged this number will be reduced. Two scenarios were tested with MSSCB,
one with the barrier’s drainage opening 75% clogged and the other with it 50% clogged,
which showed that when the F, was adjusted to represent the two clogged conditions the
model fit the experimental data quite well. Thus, the performance of a clogged TCTB can
be predicted from a rating curve for varying amounts of clogging by simply manipulating
the F, in the model rating curve equations.

The rating curve of TCTB could be used in the hydraulic modeling software HEC-RAS, in
order to model the placement of barrier on a roadway surface. To accomplish this, two
example problems were considered. The first consists of a flat roadway surface and the
second is a roadway with a vertical curve. In order to solve these problems the weir
coefficient that HEC-RAS uses as part of the pressure/weir method can be altered in order
simulate the placement of a barrier on the roadway.

7.2 DETERMINATION OF COEFFICIENT OF FRICTION

The coefficient of friction between the TCTB surface and the pavement surfaces with
different ages, textures, and types are determined following the ASTM C1028-07 standard
method. The coefficient of friction varies from 0.78 to 0.98 for concrete surface, 0.62 to
0.76 for asphalt surface, 0.54 to 0.75 for base surface, 0.50 to 0.69 for subbase surface, and
0.61 to 0.88 for subgrade surface.

To understand the effect of bearing stress on coefficient of friction, the coefficient of
friction between the bottom surface of TCTBs and the concrete and asphalt surfaces was
measured with two different stress levels of 1 psi (standard test) and 2 psi. Statistical test
(pooled t-test with a = 0.05) showed that there is a significant difference between the mean
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coefficient of friction for both concrete and asphalt pavement when the stress changes (P =
0.0004 for concrete and P = 0.0293 for asphalt surface).

Since the bearing stress has a pronounced effect on coefficient of friction and the standard
TCTBs provide different bearing stresses on road surface, the variation of coefficient of
friction between the bottom surface of TCTBs and various other road surfaces with
different bearing stresses is determined. The coefficient of friction for the concrete surface
decreases approximately 18-22% when the bearing stress increases from 1 psi to 2.0 psi
and then remains unchanged. Similarly, the coefficient of friction for the pavement surface
decreases approximately 22-23% when the bearing stress increases from 1 psi to 2 psi and
then decreases slowly.

In order to understand the effect of surface condition (dry or moist) on the coefficient of
friction, the coefficient of friction was determined for a number of surfaces for both wet
and dry condition and a statistical (pooled t-test) test was conducted assuming a
significance level, o = 0.05. Although the mean coefficient of friction is slightly higher for
dry surface, the test results from the statistical analysis suggest that there is no significance
difference between the mean coefficient of friction for dry and wet surfaces for all of the
surface combinations.

To understand the effect of the presence of dirt in between the bottom surface of TCTBs
and the concrete and asphalt road surfaces, the coefficient of friction was determined with
the presence of some sand particles (dso = 0.62 mm, d;o = 0.43 mm). A statistical test
(pooled t-test) with a significance level a = 0.05 suggests that the coefficient of friction
decreases significantly due to the presence of dirt in between two surfaces for both
concrete (P =0.0001) and asphalt (P = 0.0001) surfaces.

7.3 STABILITY OF TCTBS

The SSCB is unstable either against sliding or overturning for all surfaces (concrete,
asphalt, base, subbase, and subgrade) except concrete surfaces even at 0° cross slope for all
of the four flood scenarios. The SSCB is stable on concrete surface if the cross slope is
less than 3° for only flood scenario 1.

The CSB is stable if it is placed on a concrete surface with a cross slope less than 5° for
flood scenarios 1 and 2. The CSB is also stable if it is placed on asphalt surface with a
cross slope of 0° for flood scenario 1. All other cases, the CSB is unstable.

The MSSCB is stable if it is placed on a concrete surface with a cross slope less than 5° for
flood scenario 1 and a cross slope less than 3° for flood scenario 2. The MSSCB is also
stable if it is placed on asphalt surface with a cross slope of 0° for flood scenario 1. All
other cases, the MSSCB is unstable.

The LPCB is stable for all surfaces with a cross slope up to 8° for flood scenarios 1, 2, and
3. It is also stable in flood scenario 4 when the surge water height is equal to the height of
the barrier and surge water velocity is 5 mph. However, it becomes unstable when the
surge water height is higher than 13 in. and the surge velocity is 10 mph.
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7.4

MODELING TCTB EXACERBATED ROADWAY FLOODING WITH HEC-RAS

It is possible to modify the weir coefficient value in HEC-RAS in order to hydraulically
model the placement of a concrete traffic barrier on the roadway surface. To do this, an
iterative procedure must be used. Two example problems, the Single Bridge-Example 2
and ConSpan Culvert have been demonstrated with the Concrete Safety Barrier (CSB(1)-
04) in this study. In the Single Bridge-Example 2 procedure, an increase in the upstream
energy of 2.25 ft and a decrease in the weir flow rate of 1811.02 cfs occurred as a result of
barrier placement. Furthermore, through the ConSpan example it can be seen that placing
the barrier on the roadway will result in the upstream energy increasing by 1.86 ft and the
flow rate decreasing by 460.18 cfs.

7.5 PARAMETRIC STUDY

To understand the effect of cross slope (one of the most important variable in the field) on
stability of TCTBs, the factor of safety against sliding and overturning is determined for
flood scenarios 1 and 2 for a wide range of cross slopes. The factor of safety against
sliding and overturning decreases as the cross slopes of the roadway (outward direction of
flow) increases. The rate and the pattern at which the factor of safety varies with the
variation of cross slope depend on the types of TCTBs and the flood scenarios.

The factor of safety against sliding depends on the coefficient of friction. Thus, the factor
of safety against sliding for different TCTBs was analyzed considering different road
surfaces. The factor of safety against sliding increases with the increasing coefficient of
friction. Thus, the factor of safety against sliding is highest for concrete (1 = 0.78) and
lowest for subbases surface (i = 0.50) among all surfaces considered. The rate and the
pattern at which the factor of safety varies with the variation of roadway surfaces depend
on the types of TCTBs and the flood scenarios.
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A.l

GUIDELINES FOR USING TCTBs IN FLOOD PRONE ZONE

The following guidelines for the use of TCTBs is applicable only for in flood prone zone and
whether the construction (for which the TCTBs will be placed) is expected to continue in a season
when extreme flood can be expected. Thus, the location at which the TCTBs will be placed and
the period of construction must be identified. If the construction period is not known clearly, it is
always recommended to consider a flood season.

Every TCTB must be washed and cleaned before placement so that there will not be any
loose dirt at the bottom surface of the TCTB.

The bed on which the TCTBs will be placed must be cleaned so that there will not be any
loose dirt on the surface.

The cross slope (outward to the flow) of the bed on which the TCTBs will be placed must
be measured accurately.

The surface materials of the bed must be identified to understand the coefficient of friction.
Coefficient of friction for five common bed surfaces is included in this report. If the bed
surface materials cannot be identified clearly, a conservative assumption is recommended.
From the landscape of the location, and the geometry and drainage pattern of the roadway,
the possible flood scenario(s) must be identified based on the Fig. 4.4. If the location is not
in the coastal region, flood scenario 4 should be cancelled from consideration.

Once the possible flood scenarios are identified, the type of TCTBs that can be used in that
particular location could be identified from the Table A.1. If more than one type of barriers
can be used for the particular location, other factors such as, availability, speed restriction,
special needs (i.e., crossing Ocelots) etc. could be considered.

If the construction location is close to coastal area, flood scenario 4 must be considered
along with other possible flood scenarios.

LPCB is the only barrier that could be used all possible scenarios that have been considered
in this study. However, LPCB is only applicable for low speed area.

Any special situation when it is necessary to use any TCTB that does not qualify according
to Table A.1, the TCTBs must be anchored to avoid any failure against sliding or
overturning.

The type or size of the anchors that could be used was not studied, because it is beyond the
scope of this research project.
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A.2. MOST EFFICIENT TCTB FROM THE PERSPECTIVE OF HYDRAULIC
PERFORMANCE

The rating curves for different TCTBs are shown in Fig. A.1. It can be seen from Fig. A.1 that the

SSCB(SPL) is the most efficient TxDOT TCTB. The photo of SSCB (SPL) is shown in Fig. A.2.

The standard drawing of the SSCB (SPL) is shown in Appendix B.

TCTB Rating Curves
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Figure A.1. Rating Curve for Different TCTBs.

Figure A.2. The SSCB (SPL).

A.3. MOST EFFICIENT TCTB FROM THE PERSPECTIVE OF STABILITY

It can be seen from Table A.1 that the LPCB is the most efficient TCTB. The LPCB can be used
for all the scenarios considered for this study. The standard drawing of the LPCB is shown in
Appendix B.
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APPENDIX B: STANDARD DRAWINGS FOR TCTB (TXDOT, 2009)
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APPENDIX C: SAMPLE CALCULATIONS
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C.1 Sample Calculation of Single Slope Traffic Barrier for Scenario 3 with
upstream water height 58.8 in.:

L

| 87.5 Ibf/ft*

42!.’ 61.’

25" < /
F —
4.2} 306.25 |bf/ft?
el

¥ A 4

21&%‘ I T 1‘24HT A 4 4 1;/
R\}\'\‘

]

v

Figure C.1-1. A Single Slope Traffic Barrier Facing Water Pressure under Scenario 3 with
Upstream Water Height of 58.8 in.

Geometry and self weight of barrier:

. (8"+24" " . 2
Cross-sectional area = f} X 42" = 672 in

Area of conduit opening = 4"x 4" = 16 in”

Net cross-sectional area = (672 — 16) = 656 in*

=3
Gross volume of the barrier = % % 30" = 136.66 ft?

) xE) x E) x2n0.= 13343

-
&

Volume of longitudinal opening = (.

Net volume of the barrier = 136.66 — 1.33 = 135.33 ft?
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Weight of the barrier = 135.33 Ft3 % 150 Ibf/ft® = 20299.5 Ibf

Upstream water effect (assuming 58.8'" of water):

58.8"

Pressure of water at the bottom level of the barrier = 62.5 [bf/ft? x =306.25 Ibf/ft?

12

56.8"

Pressure at the top level of opening of the barrier = 62.5 Ibf/ft* X =295.83 Ibf/ft*

12

16.8"
12

Pressure of water at the top level of the barrier = 62.5 Ibf/ft? X 87.5 Ibf/ft?

Gross force on the upstream face of the barrier =

(306.25 Ibf/fc® +87.5 Ibf/ ) % {42 76"

-
&

j % 30" = 21046 Ibf

-
r

Force on the opening =

-
r

(306.25 Ibf/fc* +295.83 1bf/ fr* 4276 2"
~ 2 x (2 xZ) x 2" x 2no.= 204 Ibt

Net force on the upstream face of the barrier = 21046 — 204 = 20842 Ibf

Upstream velocity effect:

. . . . 588" . .
Using the rating curve for single slope traffic barrier, we get, for e /h~= = 14 dimensionless

flow rate, Q/(A«(gh; )*’) =0.125

r

Here,
Height of barrier, h, =42" =3.5 ft
Height of upstream water = 58.8" = 4.9 ft
Area through which water is passing, A, = (4.9'-3.5")x 30 + (2"/12)X 4'= 42.67 ft
g =32.2 fi/sec’
So, the discharge,

Q=0.125x% A, X( gh;)™)

154



=0.125x 42.67 ft* x(32.2 fi/ sec® x 3.5 ft )"°

=56.62 ft’/sec

And the velocity of upstream flow, v = Q/A = 56.62 ft*/sec X 42.67 ft* = 1.33 ft/sec

Velocity head == = (38 ) _ 0.027 ft

2g  2x32.2ft/zec”

42.78"

Force for velocity head = 0.027x 62.5 Ibf/ft? x(——) % 30" = 180.4 Ibf

1

Downstream water effect:

Calculation of downstream water height:

From the above calculation, the total upstream energy, E =4.9"+ 0.027"' = 4.927'

Figure C.1-2. Dimensionless E-y Curve.
Source: Open Channel Hydraulics by Richards H. French

Using the dimensionless E-y curve we find that for upstream energy of 4.927’, the downstream
water height will be 0.35'=4.2 in.

Pressure of water at the bottom level of the barrier = 62.5 Ibf/ft? x 41—3 =21.875 Ibf/ft?

Force on the downstream face of the barrier = (1/2)X 21.875 Ibf/ft* X(% X 41'f")><30’ =117 Ibf
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Effect of upward buovancy:

Buoyant force acting on the bottom of the barrier
=21.875 Ibfx (24"/12) x 30" + (1/2) x (306.25 — 21.875) Ibf x(24"/12)% 30
= 1313 Ibf+ 8531 Ibf = 9844 Ibf

We can say, of the 9844 1bf, 1313 Ibfis acting at 12" from downstream edge and 8531 Ibfis acting
at 16" from downstream edge.

A

12”‘/

h 4

0.26" —»n A4 Jbf 20842 Ibt

20399.5 Ibf

1.37 | 17.11~\

20471 Ibf

22 Ibf

117 Ibf

14bf_" B

-t
[

i J A

20.74"
20" I
16”

r 3
1313 Ibf 8931 1Ibf

v

F Y
v

A 4

Figure C.1-3. Free Body Diagram of the Single Slope Traffic Barrier under Acting Forces.

Calculation of factor of safety against sliding:

From the free body diagram, the total downward force = (20299.5 + 22 + 3899 + 33.75 — 1313 —
8531) Ibf = 14410.25 Ibf

Reczisting frictional force

So, the factor of safety against sliding =

Horizontal slidingforce
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Coefficient of friction x total downward force

Horizontal sliding force

0.562 =%18410.25 Ibf
(20471+177—-114)1bf

2534 1bf
20534 Ibf

=0.435 #* 0.44 (according to Excel worksheet calculation)

Calculation of factor of safety against overturning:

hi{2a+h}

Centroid of pressure trapezoid for upstream water pressure = D)
ia

_ 42.76 (2+87.54306.75)
3(87.5+306.75)

20599.63
1182.75

17.42"

4' j—
3

ka

. . h
Centroid of pressure triangle for downstream water pressure = 3= 1.4"

Summation of resisting moments against pointE

Factor of safety against overturning = : - - -
Summation of overturning moments against pointE

_ 114 1bfx1.375"+22 Ibf=0.26" +2025%.5 Ibfx12" +33.75 1bf=<20"+385% lbfx20.74"
177 Ibfx21"+20471 1bfx17.11" +8531 1bfx16"+1313 [bfx 12"

_ 325296.73 1bf—in
506227.81 Ibf—in

=0.642 * 0.64 (according to Excel worksheet calculation)
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C.2. Sample Calculation of F-Shaped Traffic Barrier for Scenario 1 with upstream
water height 33"':
8”

'

19"

12”

10"

26”

Y \

4" 27.25%

A—-""f“—j
% {7182 b/

Figure C.2-1. An F-Shaped Traffic Barrier Facing Water Pressure under Scenario 1 with
Upstream Water Height 33 in.

Geometry and self weight of barrier:

Gross cross-sectional area =

(2e"+12") (12+2)

(27254267 41 x10" + 252 % 19" = 486.5 in®

. 2
Area of conduit opening = 4"x 6" = 24 in”
Net cross-sectional area = (486.5 — 24) = 462.5 in*

462.5in"
144

% 30" = 96.35 fit?

Gross volume of the barrier =
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27.25

Volume of longitudinal opening = [—j X [—] X (=) X 2no.= 1.51 ft?

Net volume of the barrier = 96.35 — 1.51 = 94.84 ft?
Weight of the barrier = 94.84 ft? x 150 Ibf/ft® = 14226 Ibf

Upstream water effect (assuming 33" of water):

Pressure of water at the bottom level of the barrier = 62.5 Ibf/ft? x = 171.88 Ibf/ft?

Pressure of water at the top level of opening of the barrier = 62.5 Ibf/ft* X — = 161.5 Ibf/ft*

g"

Pressure of water at the top level of first slope of the barrier = 62.5 Ibf/ft* X - = 151 Ibf/ft?

319

Pressure of water at the top level of second slope of the barrier= 62.5 Ibf/ft = 98.96 Ibf/ft*

(171.88 Ibf/fc® + 151 Ibf/fc*) « (4.[:-5"

12 ) XEﬂf

Gross force on the face of first slope of the barrier =
= 1634 Ibf

-
r

(171.88 Ibf/f® +16L5Ibf/ i) « (2.1}25

Force on the opening = = } x2' X 2no.= 113 1bf

-
rs

Net force on the face of first slope of the barrier = 1634 — 113 = 1521 Ibf

(151 Ibf/f + 9896 b/ fi° 12.21"
- ! ! }x( - )xi‘.ﬂ’

-

Force on the face of second slope of the barrier =
= 3815 Ibf

9296 Ibf/ fr” « (19.1@"
2 12

Force on the face of third slope of the barrier = ) % 30

— 2362 Ibf
Total force on the upstream face of the barrier = (1521 + 3815 + 2362) = 7698 Ibf
Effect of upward buoyancy:

Buoyant force acting on the bottom of the barrier = (1/2) X (171.88 lbf) x(27.25"/12)x 30’
= 5854 Ibf

Here, the effect of opening is neglected.
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) 18.95" \
13.62" f
247 Ibf
2362 Ibf
! .Wasnlbf
2187 Ibf
3815 Ibf
14226 1bf|  |20.33" 3124 |bf
235 Ibf
1521 Ibf
i 1502 Ibf
v v 1
i i‘.‘ﬂﬁ"’
5854 |bf
* 1817 >
N 73.36" il
< 76.50" >

Figure C.2-2. Free Body Diagram of the F-Shaped Traffic Barrier under Acting Forces.

Calculation of factor of safety against sliding:
From the free body diagram, the total downward force = (14226 + 235 + 2187 + 247 — 5854) Ibf
=11041 Ibf

Horizontal sliding force = (1502 + 3124 + 2350) Ibf = 6976 Ibf

Reszisting frictional force

So, the factor of safety against sliding =

Horizontal slidingforce

__ Coefficient of friction = total downward force

Horizontal sliding force
_ 0.52 x11041 Ibi

6376 lbf
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_ 6845 1bt
" &976 bt

=0.98 # 0.98 (according to Excel worksheet calculation)

Calculation of factor of safety against overturning:

hi2a+hb]}

Centroid of pressure trapezoid for first slope = 3atD)

_ 4.05(2«151+171.88)
3(151 +171.88)

151%
368.62

=1.98"

. . h{Za+hb
Centroid of pressure trapezoid for second slope = 3‘,—%}}
ia
_ 12.21(2:58.55+151)
3(98.56+151)

_ az60.31
750

=5.68"

Centroid of pressure triangle for third slope = S = 1:—'1 =6.367"

Centroid of pressure triangle for upward buoyancy = P @ =18.167"

Summation of resisting moments against pointD

Factor of safety against overturning = : - - -
Summation of overturning moments against pointD

14226 1bfx13.625"+247 Ibfx18.955"+2187 1bfx23.365" + 235 Ibfx26.544"
2350 lbfx20.33"+ 3124 Ibf=8.65" +1502 1bfx1.955" +5854 Ibfx 18.167"

_ 255726 Ibf—in
154147 lbf—in

=1.38 & 1. 35 (according to Excel worksheet calculation)

This variation may be happened due to approximation and negligence of decimal places in hand
calculation shown here.
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C3 Sample Calculation of Modified Traffic Barrier for Scenario 2 with upstream water
height of 42" and downstream water height of 25”.

W
'y —
Y
& -
42"
67.6 Ipf/ft? 156 [bf/ft?
25"
1301 18,4 [hf/ft2
¥ 1
\" I ? ﬁfl” 2 3 4:/
——]
'-|_._|___|_|_‘

Figure C.3-1. A Modified Traffic Barrier Facing Water Pressure under Scenario 2 with
Upstream Water Height of 42 in. and Downstream Water Height of 25 in.

Geometry and self weight of barrier:

. (8"+24" " . 5
Cross-sectional area = f} X42" = 672 in

g E
ST 30" = 140 ft®
124

Gross volume of the barrier =

(19.43"+24")
2x12

Volume of opening = X 1'X 5 X 2 no.= 18.09 ft?

Net volume of the barrier = 140 — 18.09 = 121.9 ft*

Weight of the barrier = 121.9 ft* x 150 Ibf/ft* = 18285 Ibf
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Upstream water effect (assuming 42” of water):

2 218.4 Ibf/ft?

12

Pressure of water at the bottom level of the barrier = 62.5 Ibf/ft? x

32"
12

Pressure of water at the top level of opening of the barrier = 62.5 Ibf/ft® x = = 156 Ibf/ft*

Gross force on the upstream face of the barrier = (1/2)%218.4 Ibf/ft* X(42.76"/12)%30* = 11673
Ibf

(156 Ibf/f® +218.4lbf/ ) « (42.?6 « 12"

)x 10’ = 1905 Ibf
&7 12

Force on the opening = "

Net force on the upstream face of the barrier = 11673 — 1905 = 9768 Ibf

Calculation of force for velocity:

TCTB Rating Curves
1.6
14 __________.————-"
) -——-—'-——-—--__———_____-

= B _;___f_———‘___--"'j d_____-___-____-—f—’"'_____——-‘—_'
s 12 — —
2 10 —% —
ul
g [ /
g os [} /
) —PCB
5 / / —CSE
_5 0.6 I / L~ sscB
2 / —S5CE (SPL)
g 04
8 / L~

o2 | /

0.0

0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140 0.160
Dimensionless Flow Rate, Q/(A{gh,)®%)

Figure C.3-2. TCTB Rating Curves (Source Hudson et al. 2009).

Using the rating curve for modified traffic barrier SSCB (SPL), we get, for e, /h~=1, dimensionless
flow rate, Q/(A«(gh; )*”) = 0.0672

Here,
Height of barrier, h, = 42" =3.5 ft
Area through which water is passing, A, =2x5'%1'= 10 ft’
g =322 ft/sec’
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So, the discharge, Q = 0.0672% A, X( gh, )"
=0.0672x 10 ft* x(32.2 ft/ sec® x 3.5 ft )"’
=17.13 ft'/sec

And the velocity of upstream flow, v = Q/A = 7.13 ft’/sec X 10 ft* = 0.71 fi/sec

Lo BB .00783 i

Velocity head = 2z 2x32.2 ft/sec
42.76"

12

Force for velocity head = 0.00783 X 62.5 Ibf/ft® x( X 30" — 10'x 1") =473 Ibf

Downstream water effect (assuming 25 of water):

Pressure of water at the bottom level of the barrier = 62.5 Ibf/ft® x i;i = 130 Ibf/ft?

Pressure of water at the top level of opening of the barrier = 62.5 Ibf/ft? X 111,' = 67.6 Ibf/ft”

Gross force on the downstream face of the barrier = (1/2)x 130 Ibf/ft* x("‘ﬂ:% X

Ibf

f)mo' ~4136

(130 Ibf+&7.6lbf) 5 (4:.?5 % i} % 10" = 1006 Ibf

Force on the opening = o =

-
&

Net force on the downstream face of the barrier = 4136 — 1006 = 3130 Ibf

Effect of upward buoyancy:

Buoyant force acting on the bottom of the barrier
=130 Ibfx (24"/12) % 20"+ (1/2) X (218.4 — 130) Ibf x(24"/12)x20’
= 5200 Ibf + 1768 Ibf = 6968 Ibf

We can say, of the 6968 Ibf, 5200 Ibf is acting at 12" from downstream edge and 1768 Ibf is acting
at 16” from downstream edge.

Buoyant force acting on the top of the opening of the barrier
= 67.6 IbfX (19.43"/12) X 10’ + (1/2) X (156 — 67.6) Ibf %(19.43"/12)X 10’

= 1095 Ibf + 715 Ibf = 1810 Ibf
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We can say, of the 1810 Ibf, 1095 Ibf is acting at 12" from downstream edge and 1768 Ibf is acting
at 15.24" from downstream edge.

Total upward buoyant force = 6968 + 1810 = 8778 Ibf

851b 1

4136 Ibf 77 11465 Ibf

| 14~

1881bf 4062 Ibf b bf 7194 365 Ibf 1905 Ibf
1006 Ibf ___p\.: 1871 bf
f ! ]
988 Ibf B L B i ¥ L B C 567
) 22.97" 520 1bf 1168 Ibf .
) 21.83 |
: 20” v
: 16” N 7
) 15.24" |

Figure C.3-3. Free Body Diagram of the Modified Traffic Barrier under Acting Forces.

Calculation of factor of safety against sliding:

From the free body diagram, the total downward force = (18285 + 2183 — 365 + 8.85 + 773 — 188
—5200 - 1768 — 1095 — 715) Ibf = 11918 Ibf

Reczisting frictional force

So, the factor of safety against sliding =

Horizontal sliding force
Coefficient of friction % total downward force

Horizontal sliding force

.62 11918 Ibf
(11465 +46.46— 1871 —4062 +538) 1b{
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_ 7389 1bt
" e566 bt

=1.125 # 1.13 (according to Excel worksheet calculation)

Calculation of factor of safety against overturning:

. . h 42"
Centroid of pressure triangle for upstream water (gross) pressure = =—=14"

hi{2a+hb}

Centroid of pressure trapezoid for opening area of upstream water pressure = D)
I-\.E'

_ 12.21(2+1564+218.4)
3(156+218.4)

_ 6476
1123

=5.76"

e
=

. . h 25"
Centroid of pressure triangle for downstream water (gross) pressure = -5 833"

. . . hiZa+b
Centroid of pressure trapezoid for opening area of downstream water pressure = 3‘,—+b}}
I-\.E'
1221 (2:67.6+130)
3(67.6+130)
__323s
5593
=5.46"

Summation of resisting moments against pointE

Factor of safety against overturning = : - - -
Summation of overturning moments against pointB

4062 1bfx2.33"+773 [bfx 1.5867"+18258 |bf=12"+851bfx 20"+ 2183 1bfx21.83"+1871 lbf=5.67"
3588 lbfx5.36"+188 Ibfx1.02"+5200 1bfx12"+1768 Ibfx 16" +1095 1bfx12"+7151bfx15.24"+356 |bfx22.92"+11465 lbfx 14" +46.5 1bfx21"

_312916.44 Ibf—in
289858 lbf—in

=1.079 # 1.08 (according to Excel worksheet calculation)
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C.4 Sample Calculation of Low Speed Traffic Barrier for Scenario 4 with upstream water
velocity 10 mph:

28”

v

20 20.02° +—

| 26"

10 miles per hour tidal surge

F 3

Figure C.4-1. A Low Speed Traffic Barrier Facing Water Pressure under Scenario 4 with
Upstream Water Height of 20 in. and Surge Velocity of 10 mph.

Geometry and self weight of barrier:

(28426) % 20" = 540 in?

Cross-sectional area =

-
&

Area of conduit opening = 16 in® (assuming)

Net cross-sectional area = (540 — 12) = 528 in®

g in
S 20" = 73.33 it
124

Gross volume of the barrier =

Volume of longitudinal opening = [2::'] X [:—:] X [Hliﬂ"] X 2no.= 271 ft?

Net volume of the barrier = 73.33 — 2.71 = 70.63 ft?
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Weight of the barrier = 70.63 ft* x 150 Ibf/ft* = 10593 Ibf

Upstream water effect (assuming 20" of water):

20"
12

Pressure of water at the bottom level of the barrier = 62.5 Ibf/ft? x =104.17 Ibf/ft?

7 _ 88.54 Ibf/ft?

1z

Pressure at the top level of opening of the barrier = 62.5 Ibf/ft* X

104.17 1bfif® % {EI}.I}E"
12

Gross force on the upstream face of the barrier = ) X 20" = 1738 Ibf

=

. (104.17 Ibf/fc® +88.54 1b{/ fc* 20,02 3"
Force on the opening = - ! % ( o X 1—ﬂ) X 2.5' X 2 no.= 120 Ibf

-
rs

Net force on the upstream face of the barrier = 1738 — 120 = 1618 Ibf

Upstream velocity effect:

Velocity of upstream water, v =10 mph

Velocity head = :':—E =

Force for vel. head = 3.34 ft X 62.5 Ibf/ft® x(

_ 10x1760:x3 134
&l 60 eec

= 14.67 ft/sec

z (14.67 fr/eec)”
(1467 /asc)® o oo

2x32.2 fr/zec?

20.02'
12

) X 20" =208.75 b/t X 33.37 ft2 = 6965 Ibf

Effect of upward buovyancy:

Buoyant force acting on the bottom of the barrier
= (1/2) X (104.17 Ibf) X(267/12)% 20’
= 2257 Ibf

Here the effect of opening is neglected.
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6958 Ibf
3
6965 Ibf
10593 Ibf 10 348 Ibf
P 13# J
* 6 Ibf
1;
] 6.67
81 Ibf 1618 Ibf
B . L C
2457 Ibf
17.33" >
26.33" g
* 26.5" #l

Figure C.4-2. Free Body Diagram of the Low Speed Traffic Barrier under Acting Forces.

Calculation of factor of safety against sliding:

From the free body diagram, the total downward force = (10593 — 348 — 81 — 2257) Ibf
=7907 Ibf

Reczisting frictional force

So, the factor of safety against sliding =

Horizontal sliding force

Coefficient of friction x total downward force

Horizontal sliding force

_ 0.62 %7907 Ibf
" (&958 +1616)lbf

4902 bt
8574 bt

=0.57 * 0.57 (according to Excel worksheet calculation)
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Calculation of factor of safety against overturning:

Summation of resisting moments against pointE

Factor of safety against overturning = : : : :
Summation of overturning moments against pointB

_ 10553 1bfx13"
6358 |bfx10"+348 lbfx26.5" +1616 lbfx6.67"+81 Ibfx26.33" + 2257 Ibfx17.33"

_ 137709 lbf—in
130827 lbf—in

=1.053 # 1. 06 (according to Excel worksheet calculation)
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APPENDIX D: MICROSOFT EXCEL FUNCTIONS
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D.1  Qnon (non-dimensional flow rate) Visual Basic Script

Function Qnon(e, fo, a, cb, cc, cd)
If (e < 1.5 * cc * a) Then
Qnon=cb*fo*(1/a)*(2*e/3)" 1.5'Type 1 Flow'

Else

Qnon =cb * cc * fo * Sqr(2 * (e - cc * a)) 'Type 2 Flow'
End If

Ife =1 Then

Qnon=Qnon+cd* (2/3*(e-1)) " 1.5 'Type 3 Flow'
End If

End Function

where,
e =ei/h,
fo = fraction of open space
a= hrl/hr

cb = horizontal contraction coefficient
cc = vertical contraction coefficient
cd = weir flow coefficient
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D.2  Enon (non-dimensional energy) Visual Basic Script

Function Eguess(Q, fo, a, cb, cc, cd)
IfQ<cb*cc”1.5*fo* Sqr(a) Then
Eguess=1.5*(Q *a/(cb * fo)) "~ (2/3)
Else
Eguess=((Q/(cb *cc *fo))*2)/2+cc*a
End If

End Function

Function Enon(Q, fo, a, cb, cc, cd)
Eps =0.0001
Qt=0#

Emax = Eguess(Q, fo, a, cb, cc, cd)
emin = 0#

Do While Abs(Q — Q _t) > Eps
etest = (Emax + emin) / 2
Q _t = Qnon(etest, fo, a, cb, cc, cd)
IfQ t<Q Then

emin = etest
Else
Emax = etest
End If
Loop

Enon = etest
End Function

- . : q
Q = non-dimensional flow rate, —
..\II gh]"
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